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I n t r o d u c t i o n  

Z e o l i t e s  have f o u r  p r o p e r t i e s  t h a t  make them e s p e c i a l l y  i n t e r e s t i n g  f o r  
he te rogeneous  c a t a l y s i s :  (1) t h e y  have  exchangeable  c a t i o n s ,  a l lowing  
t h e  i n t r o d u c t i o n  of c a t i o n s  w i t h  v a r i o u s  c a t a l y t i c  p r o p e r t i e s ;  ( 2 )  if 
t h e s e  c a t i o n i c  s i t e s  a re  exchanged t o  H , t h e y  can have a v e r y  h igh  
number of v e r y  s t r o n g  a c i d  s i t e s ;  ( 3 )  t h e i r  p o r e  d i a m e t e r s  a r e  l e s s  
t h a n  1 0  8 ;  and ( 4 )  t h e y  have  p o r e s  w i t h  one o r  more d i s c r e e t  s i z e s .  
These l a s t  two a c c o u n t  f o r  t he i r  m o l e c u l a r  s i e v i n g  p r o p e r t i e s .  
Z e o l i t e s  have  been a p p l i e d  as c a t a l y s t s  s i n c e  1960.  

Pore d i a m e t e r s  i n  m o l e c u l a r  s i e v e s  depend on t h e  number of t e t r a h e d r a  
i n  a r i n g  ( F i g u r e  1 ) .  The a c t u a l  p o r e  s i z e  a l s o  depends on t h e  type of 
c a t i o n  p r e s e n t .  Molecules  l i k e  ammonia, hydrogen,  oxygen, and argon 
can go t h r o u g h  t h e  p o r e s  o f  p r a c t i c a l l y  e v e r y  t y p e  of m o l e c u l a r  
s i e v e .  Type "A" s i e v e s  have  c u b i c  s t r u c t u r e  w i t h  p o r e s  j u s t  about  b i g  
enough t o  a l l o w  normal  p a r a f f i n s  through.  C a t i o n s ,  however, occupy 
p o s i t i o n s  which b l o c k  p a r t  of t h e  p o r e s .  Monovalent c a t i o n s  ( e . g . ,  
sodium, p o t a s s i u m )  r e s t r i c t  t h e  p o r e  s i z e  t o  below %4 1. None of t h e  
o r g a n i c  m o l e c u l e s  ( e x c e p t  methane)  would b e  a b l e  t o  p e n e t r a t e  N a A ,  o r  
L I A  z e o l i t e s .  D i v a l e n t  c a t i o n s ,  however, occupy o n l y  e v e r y  o t h e r  
c a t i o n i c  p o s i t i o n  l e a v i n g  enough s p a c e  for normal p a r a f f i n s  t o  d i f f u s e  
through.  I s o b u t a n e  i s  s l i g h t l y  w i d e r  t h a n  t h e  p o r e s  of CaA s o  cannot  
e n t e r .  However, m o l e c u l e s  w i th  nominal  d imens ions  of p e r h a p s  h a l f  an 
angstrom t o o  large can  make t h e i r  ways t h r o u g h  nar rower  p o r e s  t h a n  
expec ted  because  m o l e c u l a r  v i b r a t i o n  a l l o w s  them t o  w i g g l e  through.  I n  
a d d i t i o n ,  bond c l e a v a g e ,  f o l l o w e d  by r e c o n s t r u c t i o n  of t h e  broken bond, 
could  f a c i l i t a t e  t h e  d i f f u s i o n  of l a r g e r  m o l e c u l e s  through narrow p o r e s  
(1). 

-k 

If a lmost  a l l  of t h e  c a t a l y t i c  s i t e s  are c o n f i n e d  w i t h i n  t h i s  pore  
s t r u c t u r e  and i f  t h e  p o r e s  a r e  small, t h e  f a t e  of r e a c t a n t  molecules  
and t h e  p r o b a b i l i t y  of f o r m i n g  p r o d u c t  m o l e c u l e s  are  de termined  most ly  
by m o l e c u l a r  d imens ions  and c o n f i g u r a t i o n s .  Only molecules  whose 
dimensions are  less  t h a n  a c r i t i c a l  s i z e  can  e n t e r  the p o r e s ,  have 
a c c e s s  t o  i n t e r n a l  c a t a l y t i c  s i t e s ,  and r e a c t  t h e r e .  Fur thermore ,  on ly  
molecules  t h a t  can  l e a v e  a p p e a r  i n  t h e  f i n a l  p r o d u c t .  

Types of Shape S e l e c t i v i t i e s  

We can d i s t i n g u l s h  v a r i o u s  t y p e s  of shape  s e l e c t i v i t i e s ,  depending on 
whether  p o r e  s ize  l i m i t s  t h e  e n t r a n c e  of t h e  r e a c t i n g  m o l e c u l e ,  o r  t h e  
d e p a r t u r e  of t h e  p r o d u c t  m o l e c u l e ,  o r  t h e  f o r m a t i o n  of c e r t a i n  t r a n s i -  
t i o n  s t a t e s .  

R e a c t a n t  s e l e c t i v i t y  o c c u r s  when o n l y  p a r t  of t h e  r e a c t a n t  
m o l e c u l e s  a re  small enough t o  d i f f u s e  through t h e  c a t a l y s t  
p o r e s  ( F i g u r e  2 ) .  
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Product selectivity occurs when some of the product formed 
Within the pores are too bulky to diffuse out as observed 
products. They are either converted to less bulky molecules 
(e.g., by equilibration) o r  eventually deactivate the cata- 
lyst by blocking the pores (Figure 2 ) .  

Restricted transition state selectivity occurs when certain 
reactions are prevented because the corresponding transition 
state would require more space than available in the cav- 
ities. Neither reactant nor potential product molecules are 
prevented from diffusing through the pores. Reactions 
requiring smaller transition states proceed unhindered. 

Molecular traffic control may occur in zeolites with more 
than one type of pore system. Reactant molecules here may 
preferentially enter the catalyst through one of the pore 
systems while products diffuse out by the other. Counter- 
diffusion is, thus, minimized here. 

Examples will be discussed f o r  each type of shape selectivity. 

Diffusion 

The importance of diffusion in shape-selective catalysis cannot be 
overemphasized. In general, one type of molecule will react preferen- 
tially and selectively in a shape-selective catalyst if its diffusivity 
Is at least one o r  two orders o f  magnitude higher than that of  compet- 
ing molecular types (2-5) .  Too-large molecules will be absolutely 
unable to diffuse through the pores. Even those molecules which react 
preferentlally have much smaller diffusivities in shape-selective cata- 

\ lysts than in large-pore catalysts. 

' Shape Selectivities 
Reactant- and Product-Type 

Shape selectivity was first described by Weisz and Frilette in 1960. 
P. B. Weisz, N. Y. Chen, V. J. Frilette, and J. N. Miale were not only 
the pioneers of shape-selective catalysis; but in their subsequent pub- 
lications they demonstrated its many possible applications. They have 
described many examples of reactant- (and product-) type shape selec- 
tivity. Examples are selective hydrogenation of n-olefins over CaA- 
type (6-7) and Pt ZSM-5 (8) molecular sieves (Figure 4). 

Most applications and manifestations of shape-selective catalysis 
involve acid-catalyzed reactions such as isomerization, cracking, dehy- 
dration, etc. Acid-catalyzed reactivities of primary, secondary, and 
tertiary carbon atoms differ. Tertiary carbon atoms react inherently 
much easier than secondary carbon atoms. Primary carbon atoms don't 
form carbonium ions under ordinary conditions and therefore do not 
react. Therefore, in most cases isoparaffins crack and isomerize much 
faster than normal paraffins. This order is reversed in most shape- 
selective acid catalysis; that is, normal paraffins react faster than 
branched ones which sometimes do not react at all. 
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R e s t r i c t e d  T r a n s i t i o n  
State-Type S e l e c t i v i t y  

I n  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  S e l e c t i v i t y ,  c e r t a i n  r e a c t i o n s  a r e  
prevented  because  t h e  t r a n s i t i o n  s t a t e  i s  t o o  l a r g e  f o r  t h e  c a v i t i e s  of 
t h e  molecular  s i e v e .  An example i s  a c i d - c a t a l y z e d  t r a n s a l k y l a t i o n  of 
d i a l k y l b e n z e n e s  ( 9 )  ( F i g u r e  3 ) .  I n  t h i s  r e a c t i o n  one of t h e  a l k y l  
g roups  i s  t r a n s f e r r e d  from one  molecule  t o  a n o t h e r .  T h i s  i s  a 
b i m o l e c u l a r  r e a c t i o n  i n v o l v i n g  a d iphenylmethane  t r a n s i t i o n  s t a t e .  

Meta-xylene i n  t h i s  r e a c t i o n  w i l l  y i e l d  l J 3 , 5 - t r i a l k y l b e n z e n e .  
Mordeni te  does n o t  have enough s p a c e  f o r  t h e  c o r r e s p o n d i n g  t r a n s i t i o n  
s t a t e .  Thus, whereas t h e  1 ,2 ,4- i somer  can  form, t h e  1 ,3,5- isomer can- 
n o t  ( 1 0 , l l ) .  Symmetr ica l  t r i a l k y l b e n z e n e s  a r e  a b s e n t  from the  product ,  
a l t h o u g h  they  are  t h e  predominant  components of  t h e  t r i a l k y l b e n z e n e  
isomer m i x t u r e s  a t  e q u i l i b r i u m  (12-13). F i g u r e  5 shows p r o d u c t  d i s t r i -  
b u t i o n s  o v e r  Zeolon H-mordenite. I s o m e r i z a t i o n  r a t e s  of t h e  symmet- 
r i c a l  m e s i t y l e n e  and t h e  smaller h e m i m e l l i t e n e  over  m o r d e n i t e  and HY 
a r e  a lmost  i d e n t i c a l .  T h i s  shows t h a t  symmetr ica l  t r i a l k y l b e n z e n e s  a r e  
themselves  n o t  h i n d e r e d  w i t h i n  t h e  p o r e s  of H-mordenite. I n  isomeriza-  
t i o n ,  t h e  t r a n s i t i o n  s t a t e  i n v o l v e s  o n l y  one molecule ;  so there  i s  
enough s p a c e  t o  form t h e  t r a n s i t i o n  s t a t e  i n  t h e  i n t e r n a l  c a v i t y  of t h e  
s i e v e .  

Another e x a m p l e  f o r  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t y  i s  i s o b u t a n e  iso- 
m e r i z a t i o n  over  HZSM-5 (14-16). 

One can d i s t i n g u i s h  e x p e r i m e n t a l l y  between r e a c t a n t  and product - type  
s e l e c t l v i t i e s  and r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t i e s  by 
s t u d y i n g  p a r t i c l e  s i z e  e f f e c t s .  Observed ra tes  depend on the i n t r i n -  
s i c ,  u n i n h i b i t e d  ra te  c o n s t a n t  and, i f  mass t r a n s f e r  is l i m i t i n g ,  on 
t h e  d i f f u s i v i t i e s  of t h e  r e a c t a n t  ( o r  p r o d u c t )  molecules  and on t h e  
c a t a l y s t  p a r t i c l e  s i z e .  R e a c t a n t  and p r o d u c t  s e l e c t i v i t i e s  a r e  mass 
t r a n s f e r  l i m i t e d  and,  t h e r e f o r e ,  a f f e c t e d  by c r y s t a l l i t e  s i z e  whereas 
r e s t r i c t e d  t r a n s i t i o n - s t a t e  s e l e c t i v i t y  i s  n o t .  Haag, Lago, and Weisz 
used  t h i s  method t o  d e t e r m i n e  t h e  c a u s e s  of s h a p e  s e l e c t i v i t y  i n  t h e  
c r a c k i n g  of c6 and C9 p a r a f f i n s  and o l e f i n s  o v e r  HZSM-5 (17). 

The c r y s t a l l i t e  s i z e  e f f e c t s  observed  a l lowed Haag, Lago, and Weisz t o  
c a l c u l a t e  e f f e c t i v e  d i f f u s i v i t i e s .  T h i s  was the  f i r s t  known c a s e  f o r  
d e t e r m i n a t i o n  of m o l e c u l a r  d i f f u s i v i t i e s  i n  a z e o l i t e  a t  s t e a d y  s t a t e  
and a c t u a l  r e a c t i o n  c o n d i t i o n s  ( F i g u r e  6 ) .  D i f f u s i v i t i e s  d e c r e a s e  by 
f o u r  o r d e r s  o f  magni tude from normal  t o  gem-dimethyl p a r a f f i n s .  While 
branching  has  a l a r g e  e f f e c t ,  t h e  i n f l u e n c e  of t h e  l e n g t h  of t h e  mole- 
c u l e  i s  small. O l e f l n s  have similar d i f f u s i v i t i e s  t o  t h e  cor responding  
p a r a f f i n s .  One s u r p r i s i n g  o b s e r v a t i o n  i s  t h a t  t h e s e  d i f f u s i v i t i e s  a r e  
a b o u t  an o r d e r  h i g h e r  t h a n  t h e  c a l c u l a t e d  Knudsen d i f f u s i v i t i e s .  

An i m p o r t a n t  consequence of t h e  l a c k  of s p a c e  f o r  the  bulky t r a n s i t i o n  
s t a t e  f o r  t r a n s a l k y l a t i o n  w i t h i n  HZSM-5 is t h a t  xy lene  i s o m e r i z a t i o n  
proceeds  w i t h o u t  t r i m e t h y l b e n z e n e  f o r m a t i o n .  T h i s  improves x y l e n e  
y i e l d s  and i n c r e a s e s  c a t a l y s t  l i f e .  

The most i m p o r t a n t  example of  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c -  
t i v i t y  i s  t h e  a b s e n c e  ( o r  n e a r  a b s e n c e )  of coking  i n  ZSM-5 t y p e  
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molecular  s i e v e s .  T h i s  h a s  g r e a t  s i g n i f i c a n c e  because  C e r t a i n  reac- 
t i o n s  can o c c u r  i n  t h e  a b s e n c e  of m e t a l  h y d r o g e n a t i o n  components and 
h i g h  hydrogen p r e s s u r e .  Coking i s  l e s s  s e v e r e  i n  ZSM-5 because  t h e  
Pores  l a c k  enough s p a c e  f o r  t h e  p o l y m e r i z a t i o n  of coke p r e c u r s o r s .  On 
ZSM-5 t h e  coke i s  d e p o s i t e d  on t h e  o u t e r  s u r f a c e  of t h e  c r y s t a l l i t e s ,  
whereas i n  o f f r e t i t e  and mordeni te  most of t h e  coke forms w i t h i n  t h e  
p o r e s  (18) ( F i g u r e  7 ) .  A c t i v i t y  i s  b a r e l y  a f f e c t e d  i n  t h e  f i r s t  c a s e ,  
w h i l e  i t  d e c r e a s e s  r a p i d l y  i n  t h e  second.  

I n  l a r g e  pore  z e o l i t e s  ( e . g . ,  HY,  m o r d e n i t e )  t h e  most s i g n i f i c a n t  s t e p  
i n  coking i s  p r o b a b l y  t h e  a l k y l a t i o n  of a r o m a t i c s  (19-22). These 
a l k y l a r o m a t i c s  c y c l i z e  or condense i n t o  f u s e d - r i n g  p o l y c y c l i c s ,  which 
e v e n t u a l l y  dehydrogenate  t o  coke.  P a r a f f i n s  c o u l d  a l s o  c o n t r i b u t e  t o  
coking  v i a  c o n j u n c t  p o l y m e r i z a t i o n ,  which l e a d s  t o  naphthenes .  

Molecular  T r a f f i c  C o n t r o l  

Molecular  t r a f f i c  c o n t r o l  i s  a s p e c i a l  t y p e  of s h a p e  s e l e c t i v i t y .  I t  
could  occur  i n  z e o l i t e s  w i t h  more t h a n  one t y p e  of i n t e r s e c t i n g  p o r e  
sys tems.  R e a c t a n t  m o l e c u l e s  h e r e  may p r e f e r e n t i a l l y  e n t e r  t h e  c a t a l y s t  
th rough one of t h e  pore  sys tems w h i l e  t h e  p r o d u c t s  d i f f u s e  out  of t h e  
o t h e r .  This  may minimize c o u n t e r d i f f u s i o n  and ,  t h u s ,  i n c r e a s e  r e a c t i o n  
r a t e  ( 2 3 - 2 4 ) .  

ZSW-5 h a s  two t y p e s  of c h a n n e l s ,  bo th  of which have ten-membered r i n g  
openiggs .  On% channel  sys tem i s  s i n u s o i d a l  and h a s  n e a r l y  c i r c u l a r  
( 5 . 4  A x 5 .6  A )  c r o s s - 2 e c t i o n .  The o t h e r  c h a n n e l  sys tem h a s  e l l i p t i c a l  
openings  (5 .2  8 x 5.8 A ) .  These are s t r a i g h t  and p e r p e n d i c u l a r  t o  t h e  , 
f i r s t  system (25-26) .  Whereas l i n e a r  molecules  c a n  occupy both  c h a n n e l  
sys tems,  3-methylpentane and p-xylene occupy o n l y  t h e  l i n e a r ,  e l l i p -  
t i c a l  pores .  These s u g g e s t  t h a t  normal a l i p h a t i c s  c a n  d i f f u s e  f r e e l y  
i n  both  sys tems;  b u t  a r o m a t i c s  and l s o p a r a f f i n s  p r e f e r  t h e  l i n e a r ,  
e l l i p t i c a l  c h a n n e l s .  Examples might  be benzene a l k y l a t i o n  w i t h  e t h y l -  
ene ,  and t o l u e n e  a l k y l a t i o n  w i t h  methanol  o v e r  ZSM-5 c a t a l y s t s  ( 2 7 ) .  

I n  " r e v e r s e  m o l e c u l a r  t r a f f i c  c o n t r o l "  small  p r o d u c t  molecules  d i f f u s e  
ou t  through p o r e s  too nar row f o r  l a r g e r  r e a c t a n t s ,  t h u s  a v o i d i n g  coun- 
t e r d i f f u s i o n  ( 2 8 ) .  Examples might  be c a t a l y t i c  dewaxing o r  x y l e n e  
i s o m e r i z a t i o n  ( 2 7 ) .  

S e q u e n t i a l  a d s o r p t i o n  measurements d i d  n o t  s u p p o r t  t h e  c o n c e p t  of mole- 
c u l a r  t r a f f i c  c o n t r o l  ( 2 9 ) .  However, i t  i s  q u e s t i o n a b l e  whether  such  
k i n e t i c  phenomena can be proven  o r  d i s p r o v e n  by a d s o r p t i o n  measurements 
( 3 0 ) .  

Product  s e l e c t i v i t y ,  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t y ,  and 
m o l e c u l a r  t r a f f i c  c o n t r o l  may a l l  c o n t r i b u t e  t o  s e v e r a l  r e a c t i o n s  i n  
which p-xylene i s  formed above i t s  e q u i l i b r i u m  c o n c e n t r a t i o n s  over  
ZSM-5 z e o l i t e  ( 2 , 4 , 5 , 3 1 , 3 2 , 3 3 ) .  

C o n t r o l  of Shape S e l e c t i v i t y  

Shape s e l e c t i v i t y  can be improved by r e d u c i n g  t h e  number of a c t i v e  
s i t e s  on t h e  e x t e r n a l  s u r f a c e  of z e o l i t e  c r y s t a l l i t e s .  The e x t e r n a l  
s u r f a c e  of a m o l e c u l a r  s i e v e  can b e  n e u t r a l i z e d  by p o i s o n i n g  w i t h  a 
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l a r g e  molecule  ( 3 4 ) .  The e x t e n t  of s h a p e  s e l e c t i v i t y  c a n  b e  a l s o  con- 
t r o l l e d  by c a t i o n s  (35-38). D e c r e a s i n g  t h e  aluminum c o n t e n t  i n  t h e  
l a s t  s t a g e  of c r y s t a l l i z a t i o n  of ZSM-5 z e o l i t e s  i s  a n o t h e r  way t o  
r e d u c e  the number of a c t i v e  s i tes  on the o u t s i d e  s u r f a c e  of c r y s t a l -  
l i t e s  ( 3 9 )  a n d ,  t h u s ,  improve s h a p e  s e l e c t i v i t y .  

E r i o n i  t e  

E r i o n i t e ' ( 4 1 - 4 2 )  c a n  s e l e c t i v e l y  d i s t i n g u i s h  between normal and 
i s o p a r a f f i n s .  Over e r i o n i t e  t h e  o t h e r w i s e  much-more-reactive 
2-methylpentane r e a c t s  50 times s l o w e r  a t  430°C t h a n  normal  hexane a t  
32OOC. The c a v i t y  of e r i o n i t e  has d imens ions  s imilar  t o  the l e n g t h  of 
n-oc tane .  T h i s  c o i n c i d e n c e  i s  r e s p o n s i b l e  f o r  t h e  s o - c a l l e d  "cage" o r  
"window" e f f e c t  (42-46) .  

Q u a n t i t a t i v e  Measure of Shape S e l e c t i v i t y  

A q u a n t i t a t i v e  measure of s h a p e  s e l e c t i v i t y  ( c a l l e d  " c o n s t r a i n t  i n d e x " )  
compares t h e  c r a c k i n g  rates of normal-hexane and 3-methylpentane ( 4 6 )  
( F i g u r e  37) .  S i l i c a - a l u m i n a  h a s  a c o n s t r a i n t  i n d e x  of 0.6. T h i s  r a t i o  
r e p r e s e n t s  t he  i n t r i n s i c  c r a c k i n g  r a t e s  of normal p a r a f f i n s  and iso- 
p a r a f f i n s .  Mordeni te  and rare ear th  Y are  s i m i l a r l y  u n s e l e c t i v e .  
E r i o n i t e  has a v e r y  h i g h  " c o n s t r a i n t  i n d e x , "  and s o  do v a r i o u s  ZSM 
c a t a l y s t s .  

A p p l i c a t i o n s  

We could remove u n d e s i r a b l e  i m p u r i t i e s  by c r a c k i n g  them t o  eas i ly  
removable molecules  and d i s t i l l i n g  them away [such  as i n  S e l e c t o f o r m i n g  
( 4 7 ,  48)  and c a t a l y t i c  dewaxing (49-5211.  I m p u r i t i e s  can a l s o  be 
s e l e c t i v e l y  burned i n s i d e  m o l e c u l a r  s i e v e s  and removed as C 0 2  and CO. 
Or i m p u r i t i e s  c a n  b e  c o n v e r t e d  to  harmless m o l e c u l e s .  

One i m p o r t a n t  c l a s s  of a p p l i c a t i o n s  of shape  s e l e c t i v i t y  i s  t o  a v o i d  
u n d e s i r a b l e  r e a c t i o n s .  For i n s t a n c e ,  i n  x y l e n e  i s o m e r i z a t i o n  t r a n s i -  
t i o n  s t a t e - t y p e  s e l e c t i v i t y  l i m i t s  t r a n s a l k y l a t i o n  and coking  o v e r  
ZSM-5 s i e v e  ( 5 3 ) .  I n  t o l u e n e  a l k y l a t i o n  or  d i s p r o p o r t i o n a t i o n  reac-  
t i o n s  l e a d i n g  t o  t h e  u n d e s i r a b l e  i somers  (0- and m-xylenes)  a r e  avoided 
(52-53) .  Most of these a p p l i c a t i o n s  w i l l  b e  d i s c u s s e d  i n  d e t a i l  by 
subsequent  speakers of t h i s  Symposium. 
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SYmposium on “ S h a p e  S e l e c t i v e  C a t a l y s i s ,  R o u t e  t o  C h e m i c a l s  Fuels:’ ACS 
m e e t i n g  20-25 march  1983,  S e a t t l e .  

CATALYTIC, PHYSICAL AND ACIDIC PROPERTIES OF PENTASXL ZEOLITES 

Jacques C. V e d r i n e  
I n S t i t u t  d e  R e c h e r c h e s  s u r  l a  C a t a l y s e ,  C.N.R.S., 
2, a v .  A l b e r t  E ins te in  F 69626 V i l l e u r b a n n e  FRANCE 

( 1 - 4 ) .  
A l a r g e  amount  o f  e f f o r t s  h a s  been d o n e  i n  the recent y e a r s  t o  u n d e r -  

s t a n d  the f a s c i n a t i n g  s h a p e  selective p r o p e r t i e s  o f  ZSM-5 or ZSM-11 z e o l i t e s  
I t  h a s  appeared  t h a t  the a c i d  s t r e n g t h  of the B r o n s t e d  s i tes  varies i n  a w i d e  
r a n g e  f o r  a same s a m p l e ( 5 ) .  Moreover, d e p e n d i n g  on p r e p a r a t i o n  c o n d i t i o n s ,  
the morpho logy  and s i z e  o f  the  z e o l i t i c  c r y s t a l l i t e s  and the A1 concentration 
w i t h i n  a c r y s t a l l i t e  and b e t w e e n  c r y s t a l l i t e s  may v a r y  drastic all^(^-^). I t  
f o l l o w s  t h a t  it i s  somewhat d i f f i c u l t  t o  r a t i o n a l i z e  the e f f e c t s  o f  p a r t i c l e  
s i z e ,  o f  a c i d  s t r e n g t h  and o f  the n a t u r e  o f  the z e o l i t e  (-5 or - 1 1 )  on the 
c a t a l y t i c  p r o p e r t i e s  o f  the c a t a l y s t  f o r  a c i d - t y p e  reactions l i ke  m e t h a n o l  
conversion or a l k y l a t i o n  o f  a r o m a t i c s .  T h e  p u r p o s e  o f  this p r e s e n t a t i o n  i s  to  
sum u p  some o f  our recent w o r k s  i n  t h a t  f i e l d .  

E x p e r i m e n t a l  p a r t  : ZSM-5 and ZSM-11 s a m p l e s  h a v e  been p r e p a r e d  i n  the l a b o r a -  
t o r y  f o l l o w i n g  the p r o c e d u r e s  d e s c r i b e d  i n  r e f .  8 and 9 r e s p e c t i v e l y .  F o r  
ZSM-5 s a m p l e s  the A 1  content o f  the s a m p l e s  was v a r i e d  b y  u s i n g  d i f f e r e n t  A1 
concentration i n  the p r e p a r a t i o n  m i x t u r e .  F o r  ZSM-11 s a m p l e s  the t e m p e r a t u r e  
and d u r a t i o n  o f  the  p r e p a r a t i o n  w e r e  chosen to  be 100°C,  one mon th  ( s a m p l e  1 )  
and  17OoC, one week ( s a m p l e s  2 and  3 ) .  Chemica l  c o m p o s i t i o n s  w e r e  d e t e r m i n e d  
f r o m  a t o m i c  a b s o r p t i o n  m e a s u r e m e n t s  and a r e  g i v e n  i n  t a b l e  1. T h e  s a m p l e s  were 
c a l c i n e d  u n d e r  N f l o w  a t  50O0C and  then a t  540°C u n d e r  a i r  f l o w .  A c i d i f i c a -  
t ion was p e r f o r m e d  b y  e x c h a n g i n g  Na c a t i o n s  b y  NH + i n  a q u e o u s  s o l u t i o n  M/2 
a t  8OoC. and b y  d e a m m o n i a t i o n  a t  54OoC u n d e r  a i r  $low.  O n e  ZSM-5 s a m p l e  was 
t r e a t e d  b y  a t r i m e t h y l p h o s p h i t e  s o l u t i o n  i n  n - o c t a n e  a t  120°C a s  d e s c r i b e d  
i n  r e f .  1 0  r e s u l t i n g  i n  a so c a l l e d  P-ZSM-5. 

T a b l e  1 : P h y s i c a l  characteristics o f  the d i f f e r e n t  s a m p l e s  

2 

S a m p l e s  
z e o l i t e  t y p e  
m o d i f i c a t i o n  

_---____---------- 
Chemica l  a n a l y s i s  
a t o m s  : S i  : A1 
Na : ( S i + A l ) x l O z  

XPS d a t a  
a t o m s  : S i  : A1 

TEM a n a l y s i s  
; i z e  o f  gra ins(pxn)  

s h a p e  

I I I I I 
1 I 2  ( 3 1  4 1 5  6 

ZSM-11 ZSM-11 I ZSM-11 I ZSM-5 1 ZSM-5 I P-ZSM-5 
no I no 1 no I no I no ,Phosphorus  

I --------L-------- 

I 
I 
I 

I I 
I 

I 

I 
I 10 37 3 1  I 43 2 3  9 

0 . 3  10.5 ,0.1 I 0.2 0.7 I 0. 7 
I 
I I I I I 

24 3 0  I 70 I 26  I 1 0  I 9  
I I I I I 

I I 
3.620.2 I 1-2 ; 6 + 2  0.5-2 I 0.5-2 I 0.5-2 
a g g r e -  I core + I core + ‘ p a r a l l e l e -  1 p a r a l l e l e -  I p a r a l l e l e -  

g a t e  ‘ n e e d l e s  n e e d -  l p i p e d s  I p i p e d s  l p i p e d s  
I ‘ l e s  I I I 

s p h e r o i - :  s p h e r u -  I spheru :  I 1 
d a l  I l i t i c  I l i t i c  I I I 

I I 
I I 1 I I 

, 



C a t a l y t i c  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  a f l o w  m i c r o r e a c t o r  (100 mg 

A c i d i t y  c h a r a c t e r i z a t i o n  was  p e r f o r m e d  u s i n g  i n f r a - r e d  s p e c t r o s c o p y  and 

I 

o f  c a t a l y s t )  and a n a l y s e s  were  p e r f o r m e d  on s t r e a m  b y  g a s  chromatography .  

m i c r o - c a l o r i m e t r y  o f  NH3 a d s o r p t i o n  a t  15OOC. T h e  morpho logy  o f  the z e o l i t e  
g r a i n s  was d e t e r m i n e d  u s i n g  a h i b h  r e s o l u t i o n  t r a n s m i s s i o n  electron m i c r o s -  
c o p e  JEOL 100 CX and A 1  d i s t r i b u t i o n  w i t h i n  the g r a i n  was d e t e r m i n e d  w i t h  a 
h i g h  r e s o l u t i o n  EDX-STEM f r o m  Vacuum G e n e r a t o r s  (HB 5 ) .  S u r f a c e  c o m p o s i t i o n  
o f  t h e  g r a i n s  was measured  b y  X P S  u s i n g  a monochromat i zed  HP 5950 A s p e c t r o -  
m e t e r .  X r a y  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  u s i n g  a c o n v e n t i o n n a l  CuKa 
X r a y  s o u r c e .  A t  l a s t  the c a p a c i t y  o f  n -hexane  a b s o r p t i o n  a t  room t e m p e r a t u r e  
was measured  b y  v o l u m e t r y .  

E x p e r i m e n t a l  r e s u l t s  

S a m p l e s  
C o n v e r s i o n  (%) 

Hydrocarbons  % 
a l i p h a  t ics 
aroma t ics 

A r o m a t i c s  (%) 
x y l e n e s  

7 A6 + A 

Others 

(m + p )  : 0 x y l e n e s  

T h e  c r y s t a l l i n i t y  o f  the s a m p l e s  p r e p a r e d  i n  the l a b o r a t o r y  was d e t e r -  
modes  mined b y  X r a y  d i f f r a c t i o n  

(550  : 450  cm-' r a t i o s )  ( l 1 j ,  h i g h  r e s o l u t i o n  electron m i c r o d i f f r a c t i o n  and 
a b s o r p t i o n  c a p a c i t y  f o r  n - h e x a n e  (11 -12  w t  %). A l l  s a m p l e s  were  f o u n d  t o  be 
w e l l  c r y s t a l l i z e d  m a t e r i a l s  e x c e p t  s a m p l e  1 wh ich  p r o b a b l y  c o n t a i n e d  a p p r o x i -  
m a t e l y  3 0  % o f  amorphous  s i l i c a ( l o )  and  7 0  % o f  a g g r e g a t e s  o f  t i n y  c r y s t a l l i -  
tes  (5 -10  nm i n  s i z e )  a s e v i d e n c e d f r o m  i .r .  and n -hexane  a b s o r p t i o n  d a t a .  The  
other two  ZSM-11 s a m p l e s  ( s a m p l e s  2 a n s  3 )  were  f o r m e d  o f  a core c o n s t i t u t e d  
b y  an a g g r e g a t e  o f  s m a l l  5 -10  nm c r y s t a l l i t e s  and o f  n e e d l e s  (500-1000 nm 
i n  s i z e )  e m e r g i n g  f r o m  the core w i t h  a s p h e r u l i t i c  s h a p e ( ? ) .  High  r e s o l u t i o n  
m i c r o d i f f r a c t i o n  u n a m b i g u o u s l y  showed t h a t  the t i n y  c r y s t a l l i t e s  were  w e l l  
c r y s t a l l i z e d  ZSM z e o l i t e . Z S M - 5  s a m p l e s  were formed  o f  w e l l  c r y s t a l l i z e d  para1  
l e l e p i p e d s  o f  0 .5  t o  2 pm i n  size.  P h y s i c a l  and  c h e m i c a l  c h a r a c t e r i s t i c s  
o f  the s a m p l e s  a r e  g i v e n  in t a b l e  1 .  T h e i r  c a t a l y t i c  p r o p e r t i e s  f o r  me thano l  
c o n v e r s i o n  and  a l k y l a t i o n  of t o l u e n e < b y  m e t h a n o l  a r e  summarized  i n  t a b l e s  
2 and 3 .  

T a b l e  2 : C a t a l y t i c  p r o p e r t i e s  o f  ZSM-5 and ZSM-11 s a m p l e s  i n  the r e a c t i o n  o f  

i n f r a - r e d  s p e c t r o s c o p y  o f  the v i b r a t i o n a l  

m e t h a n o l  c o n v e r s i o n  a t  370'C w i t h  N2 a s  a c a r r i e r  g a s ,  f l o w  r a t e  = 
5 1 h-', WHSV = 11 h - I  

1 2 3 4 5 6  
9 0  84 70  89  89  8 9  

8 0  84 75 78 7 0  84 
2 0  16 25 2 2  3 0  16 

26  2 7  29  46 5 0  64  
6 7 5 9 6 8  

6 8  66 66 45 44 2 8  

3 3 5 13 1 1  35 
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T a b l e  3 : C a t a l y t i c  p r o p e r t i e s  o f  ZSM-5 and  ZSM-11 s a m p l e s  i n  the r e a c t i o n  
o f  a l k y l a t i o n  o f  t o l u e n e  b y  m e t h a n o l  a t  4OO0C, w i t h  N a s  a g a s  
c a r r i e r  and a t o t a l  f l o w  r a t e  e q u a l  t o  1.85 1 h- l ,  WH3V = 4 .5 /5  h-' 

S a m p l e s  
Zeolite 

Conversion (%) 
m e t h a n o l  
t o l u e n e  

Hydrocarbons  ( a )  
a1 i p h a  tics 
x y l e n e s  

t r i m e t h y l b e n z e n e s  
others 

......................... 

......................... 
S e l e c t i v i t i e s  (%) 

p - x y l  ene 
m - x y l e n e  
o - x y l e n e  

TMB 135 
TMB 124 
TMB 123 

2 4 5 
ZSM- 1 1 ZSM- 5 P-ZSM-5 

1.3 4.1 11.6 
81.0 88.0 84.5 
12.9 4.1 1 .0  

4 .8  3.8 4.9 

29.  1 52.1 94.6 
49.8 36.5 3 .8  
21.1 11.4 1 . 4  

2 .3  - - 
2.3 - - 

94.6 100  1 0 0  

The  m a i n  f e a t u r e s  of c a t a l y t i c  p r o p e r t i e s  a r e  t h a t  ZSM-5 s a m p l e s  p r e s e n t  
more  s h a p e  selective p r o p e r t i e s  t h a n  ZSM-11 w h a t e v e r  the p a r t i c l e  s i z e ,  p r e -  
sumab ly  b e c a u s e  ZSM-11 h a s  more  f r e e  s p a c e  (+ 3 0  %) a t  the c h a n n e l  inter- 
sections. D e t a i l e d  a n a l y s i s  o f  the m e t h a n o l  conversion r e a c t i o n  ( 7 )  shows  t h a t  
when the g r a i n  s i z e  of ZSM-11 s a m p l e s  i n c r e a s e s  mQre l i g h t  h y d r o c a r b o n s  
(C1 + C ) and less h e a v i e r  h y d r o c a r b o n s  (C+ and  A ' )  a r e  f o r m e d .  T h i s  v e r y  

p r o b a b l y  a r i s e s  f r o m  the l o n g e r  l e n g t h  p a t 2  f o r  tae r e a c t a n t s  when the p a r t i -  
cle s i z e  i n c r e a s e s .  

T h e  i.r. OH b a n d s  a t  3720-3740 and  3600-3605 an-' w e r e  o b s e r v e d  f o r  a l l  
s a m p l e s .  T h e  3 6 0 0  an-' band  was  shown b y  NH3 a d s o r p t i o n  t o  be a c i d i c  w h i l e  the 
3720-3740 cm-I band  was shown t o  h a v e  i t s  r e l a t i v e  i n t e n s i t y  d e c r e a s i n g  when 
the p a r t i c l e  s i z e  i n c r e a s e d  d u e  t o  a d e c r e a s e  i n  the number  of t e r m i n a l  
s i l a n o l s .  M o d i f i c a t i o n  b y  p h o s p h o r u s  was shown t o  d e c r e a s e  the number o f  
OH g r o u p s  b y  a b o u t  one h a l f  b u t  their  s t r e n g t h  r e m a i n e d  c o m p a r a b l e ( " ) .  T h e  
EDX-STEM c h a r a c t e r i z a t i o n  showed t h a t  A 1  was not h o m o g e n e o u s l y  l o c a l i z e d  i n  
the z e o l i t e  f ramework .  For s p h e r u l i t i c  ZSM-11 g r a i n s  t he  n e e d l e s  w e r e  shown 
to  p r e s e n t  i n  a v e r a g e  a b o u t  t w i c e  less A1 t h a n  the core and evenmore  a n  
h e t e r o g e n e o u s  d i s t r i b u t i o n  o f  A1 f r o m  the inner t o  the 
ZSM-5 s a m p l e s  h e t e r o g e n e i t y  i n  A1 c o n c e n t r a t i o n  w i t h i n  a same z e o l i t i c  g r a i n  
or b e t w e e n  g r a i n s  was o b s e r v e d  

A c i d i t y  s t r e n g t h  and a c i d  s i t e  c o n c e n t r a t i o n  w e r e  d e t e r m i n e d  b y  mesu-  
r i n g  m i c r o c a l o r i m e t r i c a l l y  the d i f f e r e n t i a l  h e a t  o f  ammonia a d s o r p t i o n  a t  
150'C. I t  was o b s e r v e d  t h a t  the s t r o n g e s t a c i d s i t e s  w e r e  o b t a i n e d  f o r  r e l a -  
t i v e l y  l o w  A1 content b u t  o b v i o u s l y  the number o f  s t r o n g  a c i d  s i tes d e c r e a s e d  
w i t h  the A 1  content d e c r e a s i n g .  A c i d i t y  s t r e n g t h  was  o b s e r v e d  t o  be hetero- 
g e n e o u s  w h i c h  i s  i n  a g r e e m e n t  w i t h  the h e t e r o g e n e i t y  i n  A1 d i s t r i b u t i o n .  T h e  
number o f  s t r o n g  a c i d  sites was  f o u n d  t o  e q u a l  1.6, 1.8, 1 .8 ,  2 .4 ,  2.3, 1 . 3  p e r  
u . c  r e s p e c t i v e l y  f o r  s a m p l e s  1 t o  6 ,  a f t e r  o u t g a s s i n g  a t  40O0C. 

2 

o u t e r  l a y e r s .  For 

w h i c h  p r e c l u d e d  a n y  r a t i o n a l i z e d  l a w ( 7 ) .  
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C o n c l u s i o n s  : T h e s e  c h a r a c t e r i z a t i o n s l e a d  t o  the f o l l o w i n g  conclusions : 

. C r y s t a l  g r o w t h  o f  ZSM-11 p a r t i c l e s  s e e m s  t o  be p a r t i c u l a r l y  d i f f i c u l t  
l e a d i n g  t o  a g g r e g a t e s  or core o f  t i n y  cristall i tes,  5-10 nm i n  s ize  wi th  
a r e l a t i v e l y  h i g h  A 1  content ( S i  : A1 3 0  agains t  50  i n  the p r e p a r a t i o n  
m i x t u r e ) .  When A 1  content i s  l o w  the c r y s t a l  g r o w t h  i s  then s h a r p l y  enhanced  

. ZSM-5 p r e s e n t s  much more s h a p e  s e l e c t i v i t y  f o r  less b u l k y  a r o m a t i c s  than 
ZSM-11 i n  methanol conversion a n d  toluene a l k y l a t i o n  reactions. T h i s  i s  
p r e s u m a b l y  d u e  to  l a r g e r  f r e e  s p a c e  a t  the channel intersections o f  ZSM-11 
s a m p l e .  

. A c i d  s t r e n g t h  and  s i t e  d i s t r i b u t i o x S d o  not seem t o  p l a y  an important  role 
i n  s e l e c t i v i t y  for the p r e v i o u s  reactions a s  f a r  a s  a c i d  sites o f  s u f f i -  
cient s t r e n g t h  are present. 

. T h e  p a r t i c l e  s i z e  w h i c h  m o d i f i e s  the channel l e n g t h  p l a y s  o n l y  a s e c o n d a r y  
role i n  the s e l e c t i v i t y  for a l i p h a t i c s  a n d  aromatics. 

. T h e  p r e p a r a t i o n  c o n d i t i o n s  p a r t i c u l a r l y  A I  concentration a n d  s t i r r i n g  d u r i n g  
syathesis s e e m  t o  p l a y  a g r e a t  role i n  the c r y s t a l  g r o w t h  and  i n  the morpho- 
l o g y  o f  the zeo l i t i c  g r a i n s .  
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The bifunctional conversion of cyclooctane. A suitable 
reaction to test shape-selective effects in high-silica 
zeolites. 

by : P.A. Jacobs, M. Tielen and R. Sosa Hernandez 

INTRODUCTION 

i 

4 
\ 

I 

It was reported earlier that the bifunctional 
conversion of n-paraffines into feed isomers or hydro- 
cracked products was distinctly different over wide pore 
zeolites of the faujasite-type compared to those of the 
Pentasil-type. It was also established that the rate 
of conversion of n-decane into its monomethyl branched 
feed isomers was determined by the pore structure in case 
of the Pentasil-zeolites. Branching at the paraffin-end 
was found to be favored in MFI-zeolites (ZSM-5) while in 
MEL-structures (ZSM-11) the pore intersections allowed 
also methyl-branching in the 3-position. This clearly 
indicates that the structure of the pores in medium or 
small pore zeolites can determine the product selectivity. 
Vice versa a well-choosen catalytic test reaction may give 
useful information on the dimensions and geometry of the 
zeolite pores. 

I 
It was therefore the aim of the present work to select 

a suitable probe molecule, the catalytic conversion of 
which will given useful information on the dimensions and 
geometry of zeolite pores in general and on the occurence 
of transition state shape selectivity. 
in the present work it is reported how cyclooctane is 
converted on Pt-loaded acid zeolites. Small amounts of 

More particularly, 
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2. 

Pt are added in order to ensure constant activity in 
time and to avoid perturbance of the measurements by 
differences in rate of deactivation. Three zeolite 
structures (FAU, MFI and MEL) with identical chemical 
composition are compared. 

EXPERIMENTAL 

The acid forms of HZSM-5 and HZSM-I1 had a Si/A1 
ratio of 60. Ultrastable Y-zeolite was treated with 
SiC14 and had the same chemical composition (FAU::). 
These samples were impregnated with Pt(NH3)4C12 so as 
to obtain 1 % by weight loading with the metal. 

The reaction with cyclooctane was carried out at 
atmospheric pressure in a continuous flow-reactor at a 
WHSV of 0.5  h-'. 
was done on-line with high-resolution capillary gas- 
chromatography. 

Analysis of the reaction products 

RESULTS AND DISCUSSION 

The activity sequence MEL > MFI > FAU:: for cyclo- 
octane conversion (Fig. 1) is different from the one 
obtained for n-decane on the same samples : MF'I > 

MEL > FAU::. Comparison with the acid strength 
distribution measurements shows that for the present 
reaction only acid sites of intermediate strength are 
needed. The same figure indicates that the catalysts 
show stable behavior in the temperature range investi- 
gated. Just as for the case of n-paraffin conversion, 
feed isomerization and cracking (Fig. 2) are consecutive 
phenomena. 
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3. 

When the individual product yield is plotted against 
cyclooctane conversion (Figs. 3 - 5), it was found that 
ethylcyclohexane, methylcycloheptane and bis[330lcyclo- 
octane are primary products. Methylcycloheptane may be 
formed via protonated cyclopropane intermediates, just 
as in the case of the ethylcyclohexane conversion 2 :  

It is stabilized in the pentasil-type structures, more 
particularly in MEL. 

The rate formation of bis~330lcyclooctanes (c + t) 
parallels the rate of isomerization to methylcyclo- 
heptane. The formation of a bicyclic molecule out of 
the cyclooctyl carbenium ion, requires that the ring is 
deformed to a chair-type form : 

The direct formation of ethycyclohexane without the 
formation of a primary carbenium ion, can only occur 
via the formation of a protonated cyclobutyl-structure : 

/ 

---9 '0 
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4 .  

The p recu r so r s  of e thylcyclohexane and b is [330lcyc lo-  
oc tane  from cyclooctane a r e  t h e r e f o r e  cyc looc ty l  
c a t i o n s  deformed i n  a t o t a l l y  d i f f e r e n t  manner, most 
probably under in f luence  of t h e  geometry of t h e  z e o l i t e  
pores .  It  is t h e r e f o r e  s t r a igh t fo rward  t h a t  t he  
t ransformat ion  of cyclooctane w i l l  depend mainly upon 
t h e  dimensions and s t r u c t u r e  of t h e  z e o l i t e  pores .  
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reaction temperature K 

Figure 1 

Tota l  cyclooctane conversion i n  hydrogen over Pt-loaded 
a c i d  a) MEL, b) MFI and c)  FAU::. F u l l  p o i n t s  were 
obtained during a second c y c l e  of temperature r i s e .  
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reaction temperature / K 
Figure 2 

Overal l  s e l e c t i v i t y  o f  cyc looc tane  Conversion over 1 Pt/ 
H/MEL : a)  feed isomers,  and b) cracked products .  

cyclooctane conversion 1% 

Figure 3 

Yield of  ethylcyclohexane from cyclooctane over FAU:: ( a ) ,  

MFI (b), and MEL(c). 
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cyclooctane conversion % 
Figure 4 

Yield of methylcycloheptane from cyclooctane on a)  FAU::, 
b) MFI, and c) MEL - zeolites. 

cyclooctane conversion / % 
Figure 5 

Yield of bis[330lcyclooctane from cyclooctane over a) 
FAU::, b) ME'I, and c )  MEL - zeolites. 
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Shape S e l e c t i v e  C a t a l y s i s  and Reac t ion  Mechanisms 

M .  GUISNET and G .  PEROT 

ERA CNRS Ca ta lyse  Organique, Un ive r s i td  de P o i t i e r s  
4 0 ,  Avenue du Recteur  P ineau ,  86022 P o i t i e r s  Cedex, France 

Thanks t o  t h e  p rogres s  r e c e n t l y  accomplished i n  t h e  f i e l d  o f  t he  s y n t h e s i s  
and the  mod i f i ca t ions  of  z e o l i t i c  materials, t h e  chemist  now d i s p o s e s  of a l a r g e  
choice  of ac id  c a t a l y s t s .  The problem l i e s  i n  t h e  s e l e c t i o n ,  through a r e l i a b l e  
method,of the  one b e s t  s u i t e d  f o r  o b t a i n i n g  s e l e c t i v e l y  a g iven  r e a c t i o n .  The a i m  of 
t h i s  paper is  t o  show t h a t ,  by us ing  model r e a c t i o n s ,  c a t a l y s t s  can  be chosen on the  
b a s i s  of t h e i r  shape s e l e c t i v e  p r o p e r t i e s .  For  t h i s  however t h e  r e a c t i o n  mechanisms 
as w e l l  a s  t he  r easons  f o r  p o s s i b l e  mod i f i ca t ions  i n  r a t e  and o r i e n t a t i o n  must be 
p e r f e c t l y  known. 

1 .  Main f a c t o r s  govern ing  r e a c t i o n  s e l e c t i v i t y  over  a c i d  z e o l i t e s  

1 . 1 .  I somer iza t ion  and d i s p r o p o r t i o n a t i o n  o f  a romat ic  hydrocarbons over  z e o l i t e s .  

1 . 1 . 1 .  Xylene i somer i za t ion  

Over amorphous c a t a l y s t s  (1-3) xy lene  i somer i za t ion  invo lves  methyl s h i f t  i n  
benzenium ion in t e rmed ia t e s  a s  t he  r a t e  l i m i t i n g  s t e p  (scheme I ) .  

b 
J / f a s t  

- - 
slow 

w 
- 

slow 

Scheme I : I somer i za t ion  of  xy lenes  on a c i d  c a t a l y s t s  * T r a n s i t i o n  s t a t e  acco rd ing  
t o  ( 4 ) .  

With m-xylene as t h e  r e a c t a n t  and over  amorphous c a t a l y s t s  and Y z e o l i t e ,  two 
p a r a l l e l  r e a c t i o n s  l e a d i n g  t o  o-xylene and p-xylene can t ake  p l a c e  a t  s i m i l a r  
r a t e s .  However over  mordeni te ,  o f f r e t i t e  and ZSM5, t h e  p-xylene fo rma t ion  i s  f a s t e r  ( 5 )  
This  is mainly a matter of d i f f u s i o n  r a t e  (6 ) .  The p-xylene molecule be ing  sma l l e r  i n  
s i z e  d i f f u s e s  o u t  of  t h e  porous s t r u c t u r e  more r e a d i l y  t h a n  o-xylene.  I t  must be no- 
t i c e d  t h a t  t h e  in t e rmed ia t e s  and t h e  t r a n s i t i o n  s t a t e s  involved  i n  t h e  two r e a c t i o n s  
d i f f e r  s l i g h t l y  i n  s i z e  and s t r u c t u r e .  Thus t h e  p o s s i b i l i t y  of s t e r i c  e f f e c t s  cannot  
be excluded. 
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The isomerization of o-xylene into p-xylene involves two consecutive steps. 
At 350"C, the reaction is negligible over amorphous catalysts and Y zeolite but quite 
important over mordenite and very important Over ZSM5 (5) .  Three factors converge to 
increase p-xylene selectivity from Y zeolite to mordenite and ZSM5 : i) the decrease 
in average pore dimension which increases residence time in the structure ; ii) the 
increase in acid strength 
leading from o-xylene to p-xylene ; iii) the smaller size of p-xylene, favoring its 
desorption. 

which increases the rates of the two consecutive steps 

1.1.2.  Xylene disproportionation 

Xylenes can undergo simultaneously isomerization as well as disproportiona- 
tion into toluene and trimethylbenzenes. The disproportionation mechanism involves 
bimolecular intermediates (1,7) much more bulky than the benzenium intermediates 
involved in isomerization. This is probably why the disproportionationfisomerization 
rate ratio (r /r ) increases as more space becomes available in the porous structure 
of the zeolit!. I 

D I  decreases as the degree of exchange of protons for sodium cations in H-mordenite 
increases ( 8 , 9 ) .  This is more a matter of site density than acid strength. Indeed 
poisoning experiments with pyridine show that the acid strength required for both 
reactions is practically the same. But disproportionation requires probably 
two adjacent acid sites (l,7,10) while isomerization requires only one acid site. 
Hence the decrease in rD/rI from Y zeolite to ZSMS may partly be explained by the 
site density decrease. 

However r fr also seems to depend on the acidity of the zeolite. It 

? 

1.2. Alkane transformation 

Over acid and bifunctional catalysts, alkanes undergo three main reactions : !? 
isomerization, cracking and disproportionation. All three of them involve carbocations 
as intermediates and their relative importance depends both on the characteristics of 
the alkane (size, degree of branching) and of the catalyst (acidity, porous structure, 
hydrogenation activity). 

r 

Scheme 2 shows the different chemical steps involved in the isomerization 
and the cracking of alkanes. 

D 

c+ + 0 
Y x-Y 

Scheme 2 : Isomerization and cracking of alkanes on acid and on bifunctional catalysts. 
P:paraffin , 0:olefin ,C+:carbocation ,x,y:number of  carbon atoms, A:acid 
step , M:metallic step. 

1 . 2 . 1 .  Alkane transformation on pure zeolite catalysts 

Alkane cracking on pure acid catalysts occurs through steps la ,& and 5 of 
scheme 2. The carbenium ion formation certainly results from intermolecular hydride 
transfer between a reactant molecule and a preadsorbed cation while steps 2, 2 and 5 
are considered as monomolecular reactions. 

r 
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In  the  absence  of s t e r i c  c o n s t r a i n t s  o r  of d i f f u s i o n a l  l i m i t a t i o n s ,  t h e  
c rack ing  r a t e  i s  r e l a t e d  t o  the  s t a b i l i t y  of t he  i n t e r m e d i a t e  carbenium ions  (Ci and 
c'). Thus over  Y z e o l i t e  a t  400°C i sooc tane  c rack ing  i s  25 t o  40 times f a s t e r  than  
n'hexane c racking  and 150 t o  300 t imes  f a s t e r  than  n-pentane c rack ing .  The d i f f e r e n c e  
i n  r e a c t i v i t y  of a lkanes  depends on t h e  a c t i v e  s i t e s  : t h e  g r e a t e r  t h e i r  ac id  s t r e n g t h ,  
t he  sma l l e r  the  d i f f e r e n c e  ( 1 2 ) .  

The i n t r a c r y s t a l l i n e  s t r u c t u r e  has  a l s o  a cons ide rab le  in f luence  on t h e  r e l a -  
t i v e  r e a c t i v i t i e s  of a lkanes .  F r i l e t t e  e t  a 1  ( 1 1 )  c o n s i d e r  as shape s e l e c t i v e  t h e  
z e o l i t e s  f o r  which t h e  " c o n s t r a i n t  index" C I  ( r a t i o  of  t h e  appa ren t  c r ack ing  r a t e  
c o n s t a n t s  of n-hexane and 3-methylpentane) i s  g r e a t e r  than  1 .  Due t o  t h e  h igher  
r e a c t i v i t y  of 3-methylpentane towards carbenium ion  format ion ,  t h e  CI of non-shape 
s e l e c t i v e  m a t e r i a l s  i s  sma l l e r  than  1 .  I n  t h e  c a s e  of i n t e rmed ia t e  pore  s i z e  z e o l i t e s  
t he  C I  va lue  ( I  < C I <  12)  i s  determined by s t e r i c  c o n s t r a i n t s  i n  t h e  b imolecular  
format ion  of t he  carbenium i o n  ( s t e p  I, scheme 2) ( l 3 , 1 4 ) .  On t h e  c o n t r a r y  f o r  e r i o n i t e  
which has  small pore openings  and l a r g e  c a v i t i e s  t h e  h igh  v a l u e  of C I  i s  due on ly  t o  
d i f f e r e n c e s  i n  d i f f u s i o n a l  l i m i t a t i o n s  f o r  n-hexane on t h e  one hand and 3-methylpentane 
on t h e  o t h e r .  

The a c i d i t y  and t h e  s t r u c t u r e  of  z e o l i t e s  a l s o  i n f l u e n c e  cons ide rab ly  t h e  
product d i s t r i b u t i o n  of a lkane  c rack ing  ( 1 2 ) .  I n  t h e  c a s e  of i sooc tane  about  75 % 
of t h e  c racking  products  can  be cons idered  as r e s u l t i n g  from t h e  success ive  s t e p s  1 
and 2 of scheme 2 ,  t he  remaining 25 % r e s u l t  from one i somer i za t ion  s t e p  fo l lowed by 
c rack ing  of t he  rear ranged  ca rboca t ion  (sequence L,z,i). Over mordeni te  and ZSM5, 
d i r e c t  c racking  (sequence 1,2) i s  r e s p o n s i b l e  r e s p e c t i v e l y  f o r  50 and IO % of t h e  
products  on ly ,  t h e  r e m a i n d e r r e s u l t s  from m u l t i p l e  t r ans fo rma t ions  of i sooc tane .  
The d i f f e r e n c e s  between t h e  t h r e e  z e o l i t e s  can be a t t r i b u t e d  t o  d i f f u s i o n a l  l i m i t a -  
t ions .  

slow t h a t  t he  format ion  of isomers ( s t e p  5) is  observed .  The i somer i za t ion lc rack ing  
r a t e  r a t i o  depends on  t h e  z e o l i t e .  For n-pentane t r ans fo rma t ion  a t  400°C, i t  i n c r e a s e s  
from almost ze ro  over  ZSMS t o  about  0 .7  ove r  mordeni te  and 3.5 over  Y z e o l i t e  ( 1 2 ) .  
This  may be due t o  the  i n t r i n s i c  s e l e c t i v i t y  of t h e  c a t a l y t i c  s i t e s  bu t  s t e r i c  cons- 
t r a i n t s  t u  t he  b imolecular  t r a n s i t i o n  s t a t e  of s t e p  5 may a l s o  p l ay  an  impor tan t  r o l e  
on ZSM5. 

d i s p r o p o r t i o n a t i o n  i n t o  C4 and c6  p roduc t s .  With bu tanes  t h i s  r e a c t i o n  i s  t h e  on ly  
one t h a t  can  be observed a t  low convers ion  ( 1 5 ) .  Th i s  i s  e a s i l y  unde r s t andab le  s i n c e  
butane d i s p r o p o r t i o n a t i o n  involves  secondary  carbenium i o n s  whi le  i t s  c r ack ing  o r  
i n t r amolecu la r  i somer i za t ion  n e c e s s a r i l y  invo lves  primary c a t i o n  (16 ) .  Dispropor t iona-  
t i o n  needing ve ry  s t r o n g  a c i d  s i t e s  ( 1 7 ) ,  Y z e o l i t e  i s  l e s s  a c t i v e  than  mordeni te .  
Another exp lana t ion  must be found f o r  t h e  i n a c t i v i t y  of  ZSM5. Probably  t h e  b imolecular  
C i n t e rmed ia t e  cannot be formed i n s i d e  t h e  porous s t r u c t u r e  of ZSM5. On t h e  o t h e r  
8 hand, d i s p r o p o r t i o n a t i o n  i s  c e r t a i n l y  a "demanding r e a c t i o n "  ( r e q u i r i n g  s e v e r a l  s i t e s )  

so t h a t  t h e  low d e n s i t y  of a c i d  s i t e s  i n  ZSMS could  e x p l a i n  i t s  i n a c t i v i t y .  

In t h e  c a s e  of pentanes  and hexanes ,  t h e  c rack ing  s t e p s  (?,A) become so 

Over mordeni te  pentane  c rack ing  and i somer i za t ion  a r e  accompanied by some 

1 .2 .2 .  I somer i za t ion  and c rack ing  of  n-heptane ove r  mechanical mix tures  of 
platinum-alumina and z e o l i t e s  (Y, mordeni te ,  ZSM5). 

The presence  of t h e  m e t a l l i c  component i n c r e a s e s  t h e  ca rboca t ion  format ion  
(Px + C:) and isomer deso rp t ion  (C:' + Px') r a t e s .  On b i f u n c t i o n a l  c a t a l y s t s ,  C z  f o r -  
mation involves  success ive ly  i )  t h e  a l c a n e  dehydrogenat ion  on t h e  m e t a l l i c  s i tes  
( r e a c t i o n  6) i i )  t h e  mig ra t ion  of t h e  in t e rmed ia t e  o l e f i n s  from t h e  m e t a l l i c  t o  t h e  
a c i d  s i t e s  and i i i )  t h e  adso rp t ion  of  o l e f i n s  on Bronsted a c i d  s i tes  ( s t e p  7). The 
isomer deso rp t ion  invo lves  t h e  r e v e r s e  sequence. 

A s  has  been mentionned by o t h e r  au tho r s  (18-20) i n  t h e  case  of heav ie r  
n-alkanes,  c r ack ing  always fo l lows  i somer i za t ion  : t h e  c rack ing  of l i n e a r  ca rboca t ions  
( s t e p  2 )  compared t o  t h e i r  i somer i za t ion  ( s t e p  3) and t o  t h e  c rack ing  of branched 
c a t i o n s  ( s t e p  4 )  i s  very  slow. I n  accordance  wi th  t h i s  s tep-by-s tep  pathway, i t  can  be 
observed t h a t  The i somer i za t ion lc rack ing  r a t e  r a t i o  ( r  / r  ) depends on t h e  amount of 
platinum-alumina i n  t h e  c a t a l y s t  ( i . e .  on t h e  r e s i d e n c i  t tme of t h e  in t e rmed ia t e  o l e f i n s  
on the  z e o l i t e ) .  A t  low platinum-alumina c o n t e n t s  t he  p roduc t s  r e s u l t  from a m u l t i s t e p  

- 
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a c i d  c a t a l y z e d  r e a c t i o n .  This  r e a c t i o n  l e a d s  t o  a t o t a l  c r a c k i n g  of each ind iv idua l  
molecule of dehydrogenated n-heptane : t h e r e f o r e ,  l i g h t  products  a r e  l a r g e l y  predomi- 
nant ,  rc i n c r e a s e s  f a s t e r  than  rI .  A t  h igh  platinum-alumina c o n t e n t s ,  t h e  i s o c a t i o n  
c racking  ( s t e p  4 )  now competes w l t h  i t s  d e s o r p t i o n  t o  i soheptanes  (C;' + Px ' )  and 
i n c r e a s e s  a t  th; expense of rc. rI/rc should i n  f a c t  i n c r e a s e  t o  a l i m i t  which W O U I ~  

depend on t h e  c h a r a c t e r i s t i c s  of t h e  z e o l i t e  p a r t i c l e s  ( s i z e  ; pore dimensions ; nature, 
s t r e n g t h  and d e n s i t y  of t h e  a c i d  s i t e s ) .  

l e c t i v i t y  of t h e  r e a c t i o n s  on s h a p e - s e l e c t i v e  m a t e r i a l s  depends on t h e  f r e q u e n t l y  simul- 
taneous i n f l u e n c e  of t h r e e  well-known f a c t o r s  : 

Taking i n t o  c o n s i d e r a t i o n  t h e  above examples i t  can be concluded t h a t  the se- 

a )  own c h a r a c t e r i s t i c s  o f  t h e  c a t a l y t i c  c e n t e r s  ; 
b)  l i m i t a t i o n s  to t h e  d i f f u s i o n  of r e a c t a n t s  and products  ; 
c )  s t e r i c  c o n s t r a i n t s  to t h e  format ion  o f  t r a n s i t i o n  s t a t e s .  
However, no ev idence  i s  found t h a t  d i f f u s i o n a l  l i m i t a t i o n s  o r  s t e r i c  cons- 

t r a i n t s  may l e a d  t o  t h e  format ion  o f  new i n t e r m e d i a t e s .  

2. C h a r a c t e r i z a t i o n  of z e o l i t e s  u s i n g  model r e a c t i o n s .  

The r e l a t i o n s h i p  between t h e  s t r u c t u r e  of z e o l i t e s  and t h e i r  s e l e c t i v i t y  i n  a 
given r e a c t i o n  may be used to s c r e e n  t h e  b e s t  c a t a l y s t s  t o  c h a r a c t e r i z e  t h e  poros i ty  of 
s y n t h e t i c  o r  modif ied m a t e r i a l s .  The informat ion  t h a t  w i l l  be obta ined  w i l l  depend on 
t h e  above f a c t o r s .  The i d e a l  c o n d i t i o n s  f o r  a good c h a r a c t e r i z a t i o n  of t h e  porous s t ruc-  
t u r e  a r e  t h e  fo l lowing  : i )  f a c t o r  a i s  known ; i i )  t h e  c o l l e c t e d  informat ion  concerns 
only  one o r  o t h e r  of f a c t o r s  b and c .  Moreover i n  every  c a s e  i t  i s  impor tan t  t h a t  t h e  
inf luence  of t h e  e x t e r n a l  s u r f a c e  on  t h e  a c t i v i t y  be known and i f  p o s s i b l e  suppressed ( 2 1 ) .  

2.1. D i f f u s i o n a l  l i m i t a t i o n s  ( f a c t o r  b )  

I n  o r d e r  to l i m i t  t h e  i n f l u e n c e  of s t e r i c  c o n s t r a i n t s  ( f a c t o r  c ) ,  r e a c t i o n s  

The r e l a t i v e  r e a c t i v i t i e s  of a s e r i e s  of o r g a n i c  compounds may be used. I n  
t h i s  c a s e  t h e  r e a c t i v i t y  may v a r y  a c c o r d i n g  t o  t h e  s i z e  of both t h e  r e a c t a n t  and the  
products .  Moreover as t h e  r e a c t a n t s  i n  one g iven  series (a lkanes ,  a l c o h o l s  ... ) d i f f e r  
s l i g h t l y ,  t h e  r e a c t i v i t y  can depend on t h e  c h a r a c t e r i s t i c s  of t h e  c a t a l y t i c  c e n t e r s  
( f a c t o r  a )  which may change from o n e  z e o l i t e  t o  t h e  o t h e r .  

One r e a c t a n t  undergoing c o m p e t i t i v e  r e a c t i o n s  can a l s o  be used.  I n  t h i s  case ,  
t h e  s e l e c t i v i t y  depends o n l y  on t h e  s i z e  of t h e  p r o d u c t s  and a more p r e c i s e  determina- 

involved proceed through t h e  same mechanism ( a s  i s  the  c a s e  f o r  m-xylene i somer iza t ion)  
t h e  i n f l u e n c e  of f a c t o r  a can  be c o n s i d e r e d  a s  n e g l i g i b l e .  

wel l  adapted t o  t h e  c h a r a c t e r i z a t i o n  of t h e  porous s t r u c t u r e  of z e o l i t e s  because t h e i r  
s e l e c t i v i t y  depends n o t  o n l y  on pore  s i z e  b u t  a l s o  on t h e  d e n s i t y  and a c t i v i t y  of ac id  
c e n t e r s .  

involv ing  o n l y  monomolecular i n t e r m e d i a t e s  a r e  recommended. f 

t i o n  of pore a p e r t u r e  can t h u s  be o b t a i n e d .  Moreover, i f  t h e  compet i t ive  r e a c t i o n s  I 

React ions  i n v o l v i n g  c o n s e c u t i v e  s t e p s  (e .g .  o-xylene i somer iza t ion)  a r e  not  

2 . 2 .  S t e r i c  c o n s t r a i n t s  i n  t h e  neighbourhood of t h e  a c t i v e  c e n t e r s  ( f a c t o r  c )  

Reac t ions  f o r  which d i f f u s i o n a l  l i m i t a t i o n s  ( f a c t o r  b) can be neglec ted  must 
be chosen. Those involv ing  b imolecular  t r a n s i t i o n  s t a t e s  a r e  p a r t i c u l a r l y  wel l  s u i t e d  
s i n c e  t h e  molecules  of b o t h  t h e  r e a c t a n t s  and t h e  products  a r e  g e n e r a l l y  much smal le r  
than  t h e  t r a n s i t i o n  s t a t e s .  However, even i n  t h i s  c a s e  the  e f f e c t  of f a c t o r  b cannot  
always be excluded ( s e e  1 . 2 . 1 .  c o n s t r a i n t  i n d e x ) .  

by comparing t h e  r a t e s  of t h e  b imolecular  r e a c t i o n  and of a n o t h e r  r e a c t i o n  wi thout  
s t e r i c  c o n s t r a i n t s .  

o f f e r i n g  the  p o s s i b i l i t y  of s e v e r a l  compet i t ive  t ransformat ions  through t h e  same mecha- 
nism (e .g .  format ion  of isomers)  w i t h  one a c t i n g  a s  t h e  "shape s e n s i t i v e "  r e a c t i o n  and 
t h e  o t h e r  as r e f e r e n c e .  The d i s p r o p o r t i o n a t i o n  of m-xylene i n t o  1,2,3- , 1,2,4- and 
1,3,5- t r imethylhenzenes o f f e r s  such  a p o s s i b i l i t y  inasmuch as t h e  formation of 1,3,5- 
t r imethylbenzene s u f f e r s  t h e  i n t e r v e n t i o n  of a b u l k i e r  i n t e r m e d i a t e  than t h a t  of 1,2,3- 
and 1,2,4- t r imethylbenzenes ( 2 2 ) .  

I n  p r a c t i c e  t h e  i n h i b i t i o n  t o  t h e  t r a n s i t i o n  s t a t e  formation can be measured 

To be f r e e  of the  i n f l u e n c e  of f a c t o r  a ,  i t  i s  convenient  t o  choose a r e a c t a n t  
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However, i f  t he  mechanisms of t h e  "shape s e n s i t i v e "  r e a c t i o n  and of t h e  
r e a c t i o n  taken a s  r e f e r e n c e  a r e  d i f f e r e n t  (e.g.  d i s p r o p o r t i o n a t i o n  and i somer i za t ion  
of aromat ics ) ,  f a c t o r  a becomes d e c i s i v e l y  impor tan t  s i n c e  t h e  r e l a t i v e  r a t e s  of  t r ans -  
format ion  in  t h e  two d i r e c t i o n s  may depend on t h e  d e n s i t y  and on the  s t r e n g t h  of  t h e  
a c i d  s i t e s .  

compounds can a l s o  be used ( e .g .  c o n s t r a i n t  index measurement).  Again a t t e n t i o n  must 
be drawn t o  t h e  f a c t  t h a t  d i f f e r e n t  r e a c t a n t s  e n t a i l  d i f f e r e n c e s  i n  r e a c t i v i t y  which 
could  be dependent on the  a c i d  s t r e n g t h  of t he  z e o l i t e .  

The d i f f e r e n c e s  i n  r e a c t i v i t i e s  of r eac t an t sbe long ing  t o  the  same c l a s s  of 

It can  be  n o t i c e d  f i n a l l y  t h a t  i t  is p s s i b l e  t o  c h a r a c t e r i z e  i n  one 
experiment f a c t o r s  b and c i f  t h e  r e a c t a n t  undergoes s e v e r a l  r e a c t i o n s  whose s e l e c t i -  
v i t i e s  depend f o r  some on ly  on f a c t o r  b ,  f o r  o t h e r s  o n l y  on f a c t o r  c. Such i s  t h e  
c a s e  f o r  m-xylene t r ans fo rma t ion  ( 5 )  : t h e  i somer i za t ion  s e l e c t i v i t y  s u p p l i e s  i n f o r -  
mation on p r e  s i z e  whi le  t h e  disproportionation/isomerization r a t e  r a t i o  a s  Well as 
t h e  d i s t r i b u t i o n  of t h e  t r imethylbenzenes  s u p p l i e s  i n fo rma t ion  on t h e  space  d i sposab le  
in  the  neighbourhood of t h e  a c t i v e  s i t e s .  
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ON THE MECHANISM OF METHANOL CONVERSION OVER ZEOLITE 
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I N T R O D U C T I O N  

Z e o l i t e s  c o n v e r t  m e t h a n o l  i n t o  h y d r o c a r b o n s .  The most i n t r i g u i n g  
problem c o n c e r n i n g  t h e  mechanism o f  t h e  c o n v e r s i o n  i s  t h e  way o f  
forming c a r b o n - c a r b o n  bonds from methanol .  Chang and S i l v e s t r i ( 1 )  
proposed  t h e  p a r t i c i p a t i o n  o f  c a r b e n o i d  s p e c i e s ,  which i s  assumed 
t o  be  produced  by  a c o n c e r t e d  a - e l i m i n a t i o n  mechanism, i n v o l v i n g  both  
a c i d i c  and b a s i c  s i t e s .  Kaeding and B u t t e r c 2 )  proposed  a mechanism 
i n v o l v i n g  t h e  r e a c t i o n  o f  a n  i n c i p i e n t  methyl  carbenium i o n  from 
p r o t o n a t e d  d i m e t h y l  e t h e r  ( o r  methanol )  and t h e  methyl  group of d i -  
methyl  e t h e r ,  a t  which a n e g a t i v e  c e n t e r  i s  c r e a t e d  by t h e  a i d  o f  an 
a n i o n i c  s i t e  on t h e  c a t a l y s t .  The a t t a c k  o f  methyl  carbenium i o n  I 

on t h e  C - H  bond o f  methyl  g r o u p  i s  more s t r e s s e d  i n  t h e  mechanism 
i n v o l v i n g  a p e n t a c o o r d i n a t e d  c a r b o n  c e n t e r ( 3 , 4 ) ,  a s  o r i g i n a l l y  p r o -  
posed i n  t h e  p o l y m e r i z a t i o n  o r  a l k y l a t i o n  o f  methane i n  s u p e r a c i d  
c h e m i s t r y ( 5 , 6 ) .  van d e r  Berg e t  a l .  ( 7 )  s u g g e s t e d  t h a t  t h e  S t e v e n s -  I 

t y p e  r e a r r a n g e m e n t  o f  t r i m e t h y l  oxonium ion  c o u l d  be t h e  f i r s t  s t e p  

proposed by Z a t o r s k i  and Krzyzanowsky(8) .  Apar t  from t h e  d e t a i l e d  
mechanism o f  t h e  C - C  bond f o r m a t i o n ,  t h e  r e a c t i o n  i s  s u g g e s t e d  t o  
have an  a u t o c a t a l y t i c  c h a r a c t e r ( 4 , 9 , 1 0 ) .  Here ,  t h e  o r i g i n  of  t h e  
a u t o c a t a l y t i c  phenomena and i t s  i m p l i c a t i o n  f o r  t h e  mechanism i s  
d i s c u s s e d ,  and t h e n  t h e  scheme o f  t h e  f i r s t  C - C  bond f o r m a t i o n  i s  
d i s c u s s e d  t o  c o n c l u d e  t h a t  "methyl  carbenium ion"  s p e c i e s  i s  t h e  
most p l a u s i b l e  i n t e r m e d i a t e .  

I 

o f  t h e  C - C  bond f o r m a t i o n .  The i n t e r m e d i a c y  o f  methyl  r a d i c a l  was I 

RESULTS AND nISCUSSION 

A u t o c a t a l y t i c  Phenomena 
The a u t o c a t a l y t i c  b e h a v i o r  o f  t h e  c o n v e r s i o n  was f i r s t  p o i n t e d  

o u t  by Chen and Reagan(9) ,  who n o t i c e d  t h a t  t h e  r a t e  o f  c o n v e r s i o n  
of methanol  was v e r y  s low a t  low c o n v e r s i o n  l e v e l s ,  b u t  i t  a c c e l e -  
r a t e d  r a p i d l y  a s  t h e  c o n c e n t r a t i o n  o f  hydrocarbons  i n c r e a s e d .  
Another  f e a t u r e  o f  t h e  a u t o c a t a l y s i s  i s  observed  i n  t h e  dependence 
of t h e  hydrocarbon y i e l d  on  t h e  r e a c t i o n  t e m p e r a t u r e ( l 0 ) .  Thus,  
t h e  a b r u p t  i n c r e a s e  o f  t h e  hydrocarbon y i e l d  i s  o b s e r v e d  i n  a s m a l l  
t e m p e r a t u r e  r a n g e ,  and t h e  t e m p e r a t u r e  of  t h e  jump depends  on t h e  
a c i d i t y  o f  ZSM-5 z e o l i t e .  
t e m p e r a t u r e  i s  o b s e r v e d  a l s o  f o r  t h e  c o n v e r s i o n  o v e r  f e r r i e r i t e .  

The a u t o c a t a l y s i s  was more c l e a r l y  v i s u a l i z e d  i n  t h e  r e a c t i o n  
under  l o w - p r e s s u r e  and l o w - t e m p e r a t u r e  c o n d i t i o n s ( 4 ) .  The r e a c t i o n  
was c a r r i e d  o u t  i n  a g a s - r e c i r c u l a t i o n  sys tem.  A t  492 K ,  o n l y  a 
small amount of h y d r o c a r b o n s  was formed f o r  t h e  f i r s t  8 h ,  though 
m o s t  o f  methanol  was c o n v e r t e d  i n t o  d i m e t h y l  e t h e r .  A f t e r  1 2  h ,  
t h e  hydrocarbon y i e l d  i n c r e a s e d  a b u r p t l y ,  r e a c h i n g  80 % a t  18  h .  
A t  h i g h e r  t e m p e r a t u r e s ,  t h e  r e a c t i o n  proceeded  i n  a s i m i l a r  f a s h i o n ,  
b u t  f a s t e r .  The i n d u c t i o n  p e r i o d  l a s t e d  f o r  4 - 5  and 1 . 5 - 2  h a t  
512 and 531 K ,  r e s p e c t i v e l y .  These  k i n e t i c  f e a t u r e s  i n d i c a t e  
c l e a r l y  t h e  a u t o c a t a l y t i c  n a t u r e  o f  t h e  c o n v e r s i o n .  

The jump of  t h e  hydrocarbon y i e l d  w i t h  
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In order to confirm that the reaction is autocatalytic, some of 
the reaction products were added to the starting methanol. The 
addition of ethylene o r  cis-2-butene (5 % of methanol in moles) de- 
creased the "induction period" to 2 h at 512 K. This is about half 
Of the period in the reaction with pure methanol. On the other 
hand, the addition of paraffins had no effect on the induction period. 
Therefore, it is concluded that the autocatalysis is caused by the 
reaction of methanol and olefins, which is much faster than the re- 
action to produce incipient olefins. Thus, as proposed by Chen and 
Reagen(9),the reaction can be divided into the following two steps. 

olefins (ethylene) CH30H kl . 
olefins (+ paraffins) k2 , olefins + CH30H 

The ratio of the rate constants (kl/kZ) for the two reactions was 
estimated as 7 x 10-4 and 1.1 x 10-3, respectively(4). 
change of the conversion with temperature, as observed in a flow 
system, may be caused at the temperature, at which the certain 
amount of olefins is accumulated in a reactor. As for the mechanism, 
one must consider the two steps separately. The second step, the 

methylation of olefins, for which Bronsted acid sites are responsible, 
as first pointed by Anderson et al.(ll). The scheme of the first 
step will be discussed below. 

Conversion of Methanol over Nafion-H and Heteropolyacids 
To obtain information on the sites responsible for the conver- 

sion, the reaction was carried out in a gas-recirculation system 
over the catalyst with preadsorbed pyridine. Prior to the reac- 
tion, the catalyst was exposed to pyridine vapor for 2 h at 473 K, 
and then evacuated at 512 K for 1 h. The only product observed 
was dimethyl ether and no hydrocarbons were produced in 47 h. The 
reaction over Na-ZSM-5 give a similar result. These facts indicates 
that the acid sites plays a decisive role in the formation of hydro- 
carbons. This implies that the reaction should proceed also over 

The abrupt 

\ 

1 propagation of the carbon-chain, plausibly involves the electrophilic 

7 

1 

I strongly acidic solid other than zeolites. 
Nafion-H, a perflorinated resin sulfonic acid, is known to have 

high catalytic activities for the alkylation of benzene with alcohols 
and the methylation of phenol with methanol, and is reported to be 
a solid superacid. The conversion of methanol over Nafion-H was 
examined with a closed-recirculation system(4). Methanol of  7.7 x 
l o 3  Pa was introduced over 1 g of Nafion-H at 512 K, and the gas- 
phase composition was analyzed at appropriate intervals. Dimethyl 
ether is the only product for the first 2 h, and after 2 h, the rate 
of hydrocarbon formation was accelerated with time, which is characte- 
ristic of an autocatalytic reaction. The fact that the features of 
the conversion over Nafion-H resembles those over ZSM-5 strongly 
indicates that Bronsted acid sites are active centers for the con- 
ver s ion. 

highly acidic solid, also had high activities for methanol conver- 
sion(l2). 

It was found that dodecatungstophosphoric acid ( H ~ P W ~ ~ O ~ O ) ,  a 
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I n t e r a c t i o n  o f  Methanol  w i t h  ZSM-5, I n f r a r e d  S tudy  

I n f r a r e d  s p e c t r o s c o p i c  s t u d y  r e v e a l e d  t h a t  methanol  (CD30H) 
r e a c t s  w i t h  t h e  a c i d i c  h y d r o x y l  group o f  ZSM-5 t o  form methoxyl  
group (CD30-) a t  423 K .  When t h e  z e o l i t e  which b e a r e d  CD3O- 
groups  was h e a t e d  a t  512 K ,  t h e  CD3 bands  c o m p l e t e l y  d i s a p p e a r e d  
a n d b a n d s  due t o  0-ll s t r e t c h i n R  a n n e a r e d , i n d i c a t i n g  t h a t  t h e  d e s o r p -  
t i o n  of  methoxyl  groups  i s  accompanied w i t h  t h e  c l e a v a g e  o f  C - D  
bonds.  The a n a l y s i s  o f  m o l e c u l e s  d e s o r b e d  from t h e  s u r f a c e  
r e v e a l e d  t h a t  t h e  d e c o m p o s i t i o n  o f  t h e  methoxyl  groups  l e a d s  t o  
t h e  f o r m a t i o n  o f  h y d r o c a r b o n s .  

i n d i c a t i n g  t h a t  t h e  s u r f a c e  methoxyl  groups  can be a s o u r c e  o f  
"methyl  carbenium i o n s " .  I n  o t h e r  words ,  t h e  "methoxyl groups"  
i n  ZSM-5 c o u l d  b e  more p r o p e r l y  comprehended a s  p a r t  o f  a methyl  
e s t e r  o f  t h e  z e o l i t i c  a c i d  t h a n  a s  p a r t  of  a m e t a l  a l k o x i d e ,  j u s t  
a s  a methyl  group i n  d i m e t h y l  s u l f a t e ,  a good m e t h y l a t i n g  a g e n t .  

S e l f c o n d e n s a t i o n  o f  Methyl  I o d i d e  o v e r  Ag3F12240  
I n  o r d e r  t o  a s c e r t a i n  t h e  r o l e  o f  methyl  carbenium i o n s  i n  t h e  

f o r m a t i o n  o f  c a r b o n - c a r b o n  bonds ,  t h e  a t t e m p t  t o  g e n e r a t e  them was 
made; methyl  i o d i d e  was r e a c t e d  w i t h  Ag3PW12040. Methyl  carbenium 
i o n s  were supposed t o  b e  g e n e r a t e d  a c c o r d i n g  t o  E q . ( l )  b e c a u s e  o f  
t h e  h i g h  tendency  o f  f o r m i n g  s i l v e r  i o d i d e ,  and t h e n  t o  a t t a c k  t h e  
carbon-hydrogen  bonds o f  r e m a i n i n g  methyl  i o d i d e .  

The r e a c t i o n  o f  t h e  methoxyl  group w i t h  benzene gave t o l u e n e ,  

3CH31 + Ag3PW12040L3CH; + [PW12040]3' + 3AgI (1)  

+CH; +Ag+ - H+ +CH; 

C H 3  I ' C 2 H 5 1  -AgI C2H;- 'ZH4 C3H; 
- H+ .. 

C3H6 
A 

The e x p e c t e d  o v e r a l l  r e a c t i o n  i s  summarized a s  

/ 

3CH31 + Ag3PW12040- 3AgI + H3PW12040 + hydrocarbons  
Exper iments  were c a r r i e d  o u t  a s  f o l l o w s .  The powder o f  Ag PWl20 0 
(0 .28 mmol) was r e a c t e d  w i t h  methyl  i o d i d e  v a p o r  (1 .80  mmolf a t  4?3 
o r  573 K i n  a c l o s e d - r e c i r c u l a t i o n  sys tem.  The r e s u l t s  a r e  g i v e n  
i n  T a b l e  1. The r e a c t i o n  was a l m o s t  f i n i s h e d  by t h e  t i m e  when t h e  
f i r s t  a n a l y s e s  were made, 1 5  and 5 min f o r  t h e  r e a c t i o n  a t  423 and 
573 K ,  r e s p e c t i v e l y ,  t h e  o n l y  minor  change i n  t h e  g a s - p h a s e  com- 
p o s i t i o n  b e i n g  o b s e r v e d  t h e r e a f t e r .  About 3 moles  o f  methyl  i o d i d e  
d i s a p p e a r e d  from t h e  g a s  p h a s e ,  a n d ,  a t  t h e  same t i m e ,  most o f  
carbon atoms from consumed methyl  i o d i d e  a p p e a r e d  a s  h y d r o c a r b o n s ,  
a s  was e x p e c t e d  from E q . ( 2 ) .  I t  s h o u l d  be  n o t e d  t h a t  methyl  i o d i d e  
does n o t  c o n v e r t  i n t o  hydrocarbons  o v e r  H3PW12040 o r  ZSM-5 even  a t  
573 K .  A t  573 K ,  t h e  d i s t r i b u t i o n  o f  t h e  hydrocarbon p r o d u c t s  of  
t h e  s t o i c h i o m e t r i c  r e a c t i o n  o f  CH3I and Ag3PW12040 a r e  v e r y  s i m i l a r  
t o  t h a t  o f  t h e  p r o d u c t s  i n  t h e  c a t a l y t i c  c o n v e r s i o n  o f  methanol  over  
Ag3PW12040 s u p p o r t e d  on a c t i v e  c a r b o n ,  i n d i c a t i n g  t h a t  t h e  mecha- 
nism o f  t h e  p r o p a g a t i o n  o f  t h e  c a r b o n - c a r b o n  c h a i n  i s  t h e  same i n  
t h e  two s y s t e m s .  

e s s e n t i a l  r o l e  i n  t h e  f o r m a t i o n  o f  c a r b o n - c a r b o n  bonds .  I t  i s  
worthy of n o t e  t h a t  hydrocarbon f o r m a t i o n  i s  f a s t  i n  t h e  CH3I- 
Ag3PW1204 sys tem even  a t  423 K .  A t  t h e  same t e m p e r a t u r e ,  methanol  
g i v e s  metfioxyl group o v e r  ZSM-5 and y i e l d s  d i m e t h y l  e t h e r ,  b u t  n o t  

The r e s u l t s  c l e a r l y  shows t h a t  methyl  carbenium i o n s  p l a y  an  
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T a b l e  1 R e a c t i o n  P r o d u c t s  o f  R e a c t i o n  o f  C H 3 I  and  Ag3PW12040 

Temperature/K 
R e a c t i o n  t ime/min 1 5  

C H 3 I  consumed/mmol(B) 0 .95  
B / A  3 .4  
Carbon atoms i n  
hydrocarbons/mmol (C) 
C / A  3 . 0  

D i s t r i b u t i o n  o f  Hydrocarbons 

Ag3PW1204~ used/mmol(A) 

0 .83  

* 

CH 4 0 
C Z H ,  0 . 1  
C 2 H 6  - 
C 3 H 6  0 . 3  
C 3 H a  0 
C 4 H e  1 1 . 9  
C 4 H 1 Q  33 .7  
c 5  2 3 . 2  
CK 8 . 2  
c7 1 8 . 2  
C S  4 . 3  

423 

0 .28  
30 

1 . 0 4  
3 .7  
0 . 7 5  
2 . 7  

0 . 2  
0 

0 . 7  
0 

1 7 . 3  
3 4 . 1  
23 .0  

9 . 9  
1 3 . 9  

0 . 9  

- 

573 
5 40 

0 . 2 8  
0 .80  1 . 2 2  
2 . 9  4 . 4  
0 .82  0 . 8 1  
2 . 9  2 .9  

6 . 3  5 . 9  
1 0 . 5  7 . 9  

2 1 . 2  1 0 . 8  
8 . 4  28 .3  

2 1 . 2  1 5 . 9  
1 2 . 5  1 7 . 8  
1 3 . 5  1 0 . 0  

6 . 3  3 . 3  
0 . 1  0 . 1  
0 

- - 

- 

* *  
573 

6 . 8  
1 6 . 6  

0 . 6  
1 8 . 7  

5 . 6  
33 .9  
1 0 . 6  

7 .2  

* D i s t r i b u t i o n s  were c a l c u l a t e d  on carbon-number b a s i s  e x c l u s i v e  of \ 
e t h a n e  used a s  an  i n t e r n a l  s t a n d a r d .  S e p a r a t e  e x p e r i m e n t s  r e v e a l -  
ed t h a t  e t h a n e  y i e l d  was n e g l i g i b l e  a t  423 K and  1.0 % a t  573 K .  

* *  Hydrocarbon d i s t r i b u t i o n  i n  methanol  c o n v e r s i o n  o v e r  AgsPWirOsa 
s u p p o r t e d  on a c t i v e - c a r b o n  u n d e r  t h e  c o n d i t i o n s  o f  W/F = 50 g h 
mol and methanol  p r e s s u r e  of 1 0  x 1 . 3  kPa. 

h y d r o c a r b o n s .  D i f f e r e n c e  i n  t h e  t e m p e r a t u r e  r e q u i r e d  f o r  C - C  bond 
f o r m a t i o n  i n  t h e  two s y s t e m s  i n d i c a t e s  t h a t  t h e  r e a c t i v i t y  o f  CH3 
moie ty  depends  on  t h e  c h e m i c a l  e n v i r o n m e n t ,  where CH3 moie ty  i s  
l o c a t e d .  The l e s s  r e a c t i v e  CH3 i n  methoxyl  g r o u p s  i n  ZSM-5 need  
h i g h e r  t e m p e r a t u r e  t o  b e  r e a c t i v e  enough t o  a t t a c k  on C - H  bonds ,  i n  
compar ison  w i t h  i n c i p i e n t  CH3' from by t h e  s t o i c h i o m e t i i c  r e a c t i o n .  
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I NTRODUCT I ON 

Carboxylic acids are readily converted to aromatic hydrocarbons 
over ZSM-5 zeolites (1). The initial step of the reaction 
sequence involves oxygen elimination by decarboxylation, 
decarbonylation and/or dehydration. The residual hydrocarbon 
moiety is then aromatized, we believe, via classical carbenium 
ion pathways ( 2 ) .  

The reaction causes rapid catalyst deactivation, which can be 
alleviated by adding methanol to the feed (3). The synergistic 
effect of methanol on acetic acid aromatization is the subject of 
this study. 

EXPER I MENTAL DATA 

A. FIXED BED RESULTS 

Acetic Acid 

Acetic acid was reacted over HZSM-5 at 316°C and 370°C, 1 
atm., 1 LHSV. Results are shown in Table 1. At 316"C, activity 
is low (8% conversion). Decarboxylation is the principal mode of 
oxygen elimination, resulting in acetone and hydrocarbons, mainly 
isobutylenes and aromatics. At 370°C, both decarboxylation and 
dehydration are important, however, catalyst deactivation is 
rapid, with conversions dropping from 100% to 71.4% in 1.3 hr. 

Again the main products are acetone, isobutylene and 
aromatics. Decarbonylation is a relatively minor reaction. 

Acetic Acid/Methanol Mixture 

A 4/1 molar mixture of methanol/acetic acid was reacted over 
HZSM-5 at 370°C, 1 atm., 1 As seen in Table 1, the conversion 
remains quantitative after 3 hr. No evidence of catalyst 
deactivation was seen during this period. The addition of 
methanol suppresses C02 formation, and dehydration becomes the 
main oxygen-elimination reaction. The hydrocarbons are mostly 
aromatic ( 7 9 % ) .  
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8 .  FLUID-BED RESULTS 

Experimental  d a t a  a r e  presented i n  Table 2 .  Two conversions 
a r e  presented f o r  each run .  "Tota l  conversion" r ep resen t s  t h e  
conversion t o  a l l  p roducts ,  while  "conversion t o  non-oxygenates" 
r ep resen t s  conversion t o  a l l  hydrocarbon, COX and H20 products .  . 
The o v e r a l l  y i e l d s  from t h e  methanol experiment are i n  reasonable  
agreement with d a t a  obtained in  t h e  f l u i d  bed MTG process  (5). 
The hydrocarbon gas  products ,  however, a r e  h igher  i n  propene and 
lower in  isobutane probably due t o  t h e  lower r e a c t i o n  pressure  
used i n  t h i s  s tudy .  

Acet ic  Acid and Methylacetate  

The d a t a  obtained f o r  a c e t i c  ac id  i l l u s t r a t e  s e v e r a l  
i n t e r e s t i n g  p o i n t s  which can be con t r a s t ed  wi th  t h e  e a r l i e r  
continuous opera t ion  i n  a f ixed  bed. F i r s t ,  t o t a l  conversions 
>90% may be maintained i n d e f i n i t e l y  provided per i o d i c  c a t a l y s t  
regenera t ion  is employed. The experimental  d a t a  show t h a t  
decarboxylat ion t akes  p l ace  t o  a l a r g e  e x t e n t .  

hydrocarbon a s  methanol. The lower y i e l d  is p r imar i ly  due t o  
carbon loss by decarboxyla t ion ,  and t o  a smal l  ex ten t ,  t o  coke 
and CO product ion.  

On a weight b a s i s ,  a c e t i c  ac id  y i e l d s  less than  40% a s  much 

\ 

Methyl a c e t a t e  has  a higher carbon con ten t  (48.65 C) than  
a c e t i c  a c i d  and methanol and d e s p i t e  decarboxyla t ion  and coke, 
the observed hydrocarbon y i e l d  remains comparable t o  t h a t  of 
methanol. Moreover, s e l e c t i v i t y  fo r  d i r e c t  conversion t o  C5'  
hydrocarbons is  higher  than t h a t  of a c e t i c  a c i d  or methanol 
( 7 9 . 5 % ) .  Thus, t h e  d i r e c t  y i e l d  of C g t  l i q u i d  hydrocarbons is 
32.15 on charge vs  23.3% f o r  methanol. 

Acet ic  Acid/Methanol Mixtures  

Processing a 1.9/1 or a 3.8/1 molar m i x t u r e  of  CH30H and 
, a c e t i c  ac id  provided observa t ions  s i m i l a r  t o  fixed-bed r e s u l t s ,  

i . e .  an enhancement in C5' l i q u i d  y i e l d  a t  t h e  expense of Cq-  vs 
what might be expected i f  t h e  mixture behaved a s  t h e  average of 
i t s  two components, t h e  c a l c u l a t e d  va lues  f o r  which a r e  shown in 
parentheses  i n  Table 2. The s e l e c t i v i t i e s  of t h e  hydrocarbon 
products  amplify t h e  observed synergism with r e s p e c t  t o  C g t  
l i q u i d s .  Furthermore,  t h e r e  i s  an enhancement in  t o t a l  
hydrocarbon y i e l d  vs  l i n e a r  combination e x p e c t a t i o f i s -  

This is i l l u s t r a t e d  i n  F igure  1 which shows t h e  e f f e c t  o f  
i nc reas ing  mole pe rcen t  methanol i n  t h e  MeOH/acetic ac id  charge 
and a t t endan t  decrease  i n  oxygen r e j e c t i o n  a s  C 0 2  and inc rease  in  
oxygen removal as H 2 0 .  Thus, more carbon remains a v a i l a b l e  t o  
form hydrocarbon products ,  much of it becoming C5' l i q u i d s .  
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DISCUSSION 

A. AROMATIZATION PATHWAY FOR ACETIC ACID 

As shown previously, the major initial products of acetic 
acid reaction over HZSM-5 are acetone, isobutylene and Cot. 

Acetone formation from acetic acid is a known reaction and 
is often referred to as "ketonization" (6,7). The reaction was 
originally observed on 3d-oxides, but has been reported for 
Si02/A1203 and mordenite ( 8 , 9 )  catalysts. The mechanism of 
ketonization via decarboxylation is discussed later. 

Isobutylene formation from acetone decomposition over silica 
gel and Si02-Al203 (8,9,10) and zeolites (1,12) has also been 
reported. The reaction mechanism over acid zeolites is believed 
to involve an aldol condensation followed by p-scission (12): 

- -H 20 H+ 
Z(CH3)CO - (CH3)2C-CHCOCH3 - 

h 
+ I  

(CH312CCH2 - COCH3 ---F. H20 (CH3) 2C=CH2 
-H+ 

+ CH3COOH 

In the present case, the isobutylene is converted by HZSM-5 to 
aromatics and paraffins, while the acetic acid re-enters the 
catalytic cycle. 

Neglecting catalyst deactivation for the moment, the main 
reactions of hydrocarbon formation from acetic acid over HZSM-5 
are summarized in the following scheme: 

Scheme A 

CH3COOH X CH3COOH (CH3)2C=CH2 [CH21x 

C02 + H20 

[CH2lr = aromatics t paraffins 

2 (CH3 1 2CO 

B. MECHANISM OF CATALYST DEACTIVATION AND THE ROLE OF METHANOL 

The ketonization of acetic acid over 3d-oxides such as 
chromia and Ti02 at 35Oo-46O0C has been shown to involve the 
bimolecular nucleophilic attack of an acylium ion by an acetate 
species with C02 elimination (7,13): 

0 
+ p? 4 

CH3CO + CH3-C-0 (CH3)zCO + C02 
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Over the Ti02, the acylium ion precursor was ketene, detected by 
IR (7). 

It seems reasonable to assume a similar mechanism for 
strongly acidic zeolites, except that in this case, the acylium 
ion may be directly generated: 

+ -  
CH3COOH + HO-zeol - CH3C0 0-zeol + H20 

At sufficiently high temperature, an acetate species results, as 
has been reported for NaHY (14): 

350'C - +  
RCOOH + HO-zeol - RCOO + zeol + H20 

Note that this is a zeolite dehydroxylation. The crystallinity 
of Na mordenite is gradually destroyed in ketonization of AcOH 
and EtCB2H at 200-450°C (8). ZSM-5, however, is regenerable, as 
shown in the fluid studies. 

We assume that dehydroxylation is the primary mechanism of 
zeolite deactivation by carboxylic acids. We propose that the 
acylium ion is the precursor to acetate 

+ -  A - +  
CH3CO 0-zeol - CH~COO t zeol 

and that methanol "traps" the acylium i o n  

CH30H [:CHz] t H2O 
+ -  t 

CH3CO + :CH2 A CH3COcH2 

The resulting a-ketocarbenium ion is converted to acetone by 
hydride abstraction from a suitable source, e.g. isoalkane. 

+ 
CH3COCH2 + RH - (CH3)zCO + Rt 

As support for this step we cite the AlC13-catalyzed conversion 
of pivaloyl chloride to methylisopropyl ketone in the presence of 
isopentane as hydride source (15): 

C C 

c-c-c - \ 40 -c1- c\t R RH \ R  

-/ \~ 
c c1 

c-8-c - 'c-r-c 
/ 

C 
/ 

C 

This intervention by methanol, therefore, competes with acetate 
formation, C02 formation and attendant zeolite 
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dehydr oxyia t ion/deac t i v a t  ion.  
summarized a s  Scheme B. 

The proposed mechanism i s  

Scheme B 

T h i s  scheme can obviously be adapted t o  methyl a c e t a t e  conversion 
by including t h e  equ i l ib r ium between methyl a c e t a t e ,  methanol and4 
a.cetic ac id .  

Figure 1. 
OXYGEN REJECTION VS. MOCE PERCENT MEMANIX IN FEED 

0 20 40 60 80 
MOLE PERCENT METHANOL IN METHANOL-ACETIC ACID FEED 
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- 2 -  

Z e o l i t e  c a t a l y s t s  o f  medium-pore  s i z e  a r e  g e t t i n g  i n c r e a s i n g  
a c c e p t a n c e  i n  commerc ia l  p r o c e s s e s ,  e . 9 . .  i n  hydrodewax ing  
o f  m i d d l e  d i s t i l l a t e s .  I n  t h i s  p r o c e s s  n - p a r a f f i n s  and p a r t  
o f  t h e  i s o m e r s  w i t h  one  me thy l  b r a n c h i n g  a r e  s e l e c t i v e l y  
h y d r o c r a c k e d  i n  o r d e r  t o  improve  t h e  low t e m p e r a t u r e  p r o -  
p e r t i e s ,  e s p e c i a l l y  t h e  p o u r  p o i n t .  N o n e t h e l e s s ,  r e l a t i v e l y  
l i t t l e  i s  known on t h e  s h a p e - s e l e c t i v i t y  e f f e c t s  o c c u r i n g  
d u r i n g  h y d r o c o n v e r s i o n  o f  l o n g - c h a i n  a l k a n e s  on medium-pore  
z e o l i t e s .  R e c e n t l y ,  t he  a u t h o r s  r e p o r t e d  (1 )  on t h e  s h a p e -  
s e l e c t i v e  i s o m e r i z a t i o n  and  h y d r o c r a c k i n g  o f  n - d e c a n e  on 
P e n t a s i l  z e o l i t e s .  The p r e s e n t  p a p e r  e x t e n d s  t h e s e  d a t a  t o  
t h e  homologous  s e r i e s  o f  n - a l k a n e s  w i t h  9 t o  1 6  c a r b o n  a toms .  

A Pt/HZSM-5 z e o l i t e  c a t a l y s t  was employed  t h r o u g h o u t  t h i s  
s t u d y .  The z e o l i t e  w i t h  a Si/A1 r a t i o  o f  60 was p r e p a r e d  
a c c o r d i n g  t o  p u b l i s h e d  me thods  ( 2 ) .  I t  was l o a d e d  w i t h  0 . 5  
w t . - %  o f  p l a t i n u m  by c o n t a c t  w i t h  an  aqueous  s o l u t i o n  o f  
[ P t ( N H 3 ) 4 ] C 1 2 .  The c a t a l y t i c  e x p e r i m e n t s  were  c o n d u c t e d  w i t h  
t h e  pure n - a l k a n e s  i n  a hydrogen  a t m o s p h e r e  a t  a t o t a l  p r e s s u r e  
o f  2 MPa and  a h y d r o c a r b o n  p a r t i a l  p r e s s u r e  o f  20 kPa e x c e p t  
f o r  n - h e x a d e c a n e  w h e r e  t h e  l a t t e r  was 1 0  k P a  t o  a v o i d  conden-  
s a t i o n  a t  low r e a c t i o n  t e m p e r a t u r e s .  A f i x e d  bed r e a c t o r  was 
u s e d ’  w / F n - a ]  kane  was i n  t h e  o r d e r  o f  100  g . h / m o l .  With e a c h  
f e e d  t he  r e a c t i o n  t e m p e r a t u r e  was v a r i e d  be tween 200 and 
300 O C  so t h a t  a w ide  r a n g e  o f  c o n v e r s i o n  c o u l d  be c o v e r e d .  
P r o d u c t  a n a l y s i s  was a c h i e v e d  by c a p i l l a r y  G L C  t e c h n i q u e s .  

Two t y p e s  o f  r e a c t i o n  o c c u r  d u r i n g  h y d r o c o n v e r s i o n  o f  n -  
a l k a n e s  on Pt/HZSM-5, v i z .  i s o m e r i z a t i o n  and h y d r o c r a c k i n g .  
In F i g .  1 t h e  y i e l d s  o f  b r a n c h e d  i s o m e r s  and o f  h y d r o c r a c k e d  
p r o d u c t s  a r e  p l o t t e d  v e r s u s  t e m p e r a t u r e  f o r  t h e  e x p e r i m e n t s  
w i t h  n -nonane  and  n - p e n t a d e c a n e .  
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F i g .  1: H y d r o c o n v e r s i o n  o f  n - N o n a n e  a n d  n - P e t a d e c a n e  
on  P t /HZSM-5  

W h i l e  n - n o n a n e  c a n  b e  i s o m e r i z e d  u n d e r  m i l d  c o n d i t i o n s  w i t h -  

o u t  s i g n i f i c a n t  h y d r o c r a c k i n g  t h e  y i e l d  o f  i - p e n t a d e c a n e s  
f r o m  n - p e n t a d e c a n e  i s  l o w  t h r o u g h o u t  t h e  w h o l e  r a n g e  o f  
t e m p e r a t u r e  a n d ,  h e n c e ,  o f  c o n v e r s i o n .  T h e  q u a n t i t a t i v e  e v a -  

l u a t i o n  o f  t h e  i n f l u e n c e  o f  r e a c t i o n  t e m p e r a t u r e  o n  c o n v e r -  
s i o n  shows  t h a t  t h e  a p p a r e n t  e n e r g y  o f  a c t i v a t i o n  d e c r e a s e s  

w i t h  i n c r e a s i n g  c h a i n  l e n q t h .  T h i s  c o u l d  i n d i c a t e  i n c r e a s i n g  
d i f f u s i o n a l  r e s i s t a n c e s .  

T h e  d i s t r i b u t i o n s  o f  i - a l k a n e s  f o r m e d  b y  i s o m e r i z a t i o n  o f  t h e  
n - a l k a n e s  d i f f e r  s u b s t a n t i a l l y  f r o m  t h o s e  o b s e r v e d  o v e r  

f a u j a s i t e  z e o l i t e s  ( 3 ) .  I n  p a r t i c u l a r ,  m e t h y l  i s o m e r s  s t r o n g l y  
p r e d o m i n a t e  o n  P t /HZSM-5  u p  t o  9 0  % c o n v e r s i o n .  S m a l l  a m o u n t s  
o f  d i m e t h y l  i s o m e r s  w i t h  o n e  b r a n c h i n g  i n  t h e  2 - p o s i t i o n  a r e  
a l s o  f o r m e d  w h i l e  e t h y l  i s o m e r s  a r e  a b s e n t .  T h e s e  r e s u l t s  
a r e  b e s t  i n t e r p r e t e d  i n  t e r m s  o f  p r o d u c t  s h a p e - s e l e c t i v i t y .  
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- 4 -  

D i s t r i b u t i o n s  of i n d i v i d u a l  methyl  i s o m e r s  formed f rom t h r e e  
s e l e c t e d  n-a1  kanes  a t m o d e r a t e  c o n v e r s i o n s  a r o u n d  1 0  7: a r e  
g i v e n  i n  T a b l e  1 .  T h e  main p r o d u c t  f rom n -nonane  i s  2 - m e t h y l -  
o c t a n e .  This  i s  i n  p r i n c i p a l  a g r e e m e n t  w i t h  o u r  e a r l i e r  
r e s u l t s  ( 1 )  o f  n - d e c a n e  c o n v e r s i o n  on Pt/HZSM-5 and m i g h t  
r e f l e c t  a r e s t r i c t e d  t r a n s i t i o n  s t a t e  s h a p e - s e l e c t i v i t y .  
O n  t h e  o t h e r  h a n d ,  r o u g h l y  e q u a l  amoun t s  o f  i n d i v i d u a l  
me thy l  i s o m e r s  a r e  fo rmed  f rom n - t r i d e c a n e  and  n - p e n t a d e -  
c a n e  ( T a b l e  1 ) .  T h e s e  d i s t r i b u t i o n s  a r e  p r o b l a b l y  c l o s e  
t o  e q u i l  i b r ium.  

T a b l e  1: D i s t r i b u t i o n s  o f  Methyl I s o m e r s  Formed f r o m  
V a r i o u s  n-A1 k a n e s  ( V a l u e s  i n  mol -% o f  t o t a l  
me thy l  i s o m e r s )  

- ‘gH20 Feed  

I 

T e m p e r a t u r e ,  O C  

C o n v e r s i o n ,  % 
Y i e l d  o f  
i-CmH2m+2 9 % 

230 
1 4 . 6  

1 3 . 2  

2 - M - O C  4 2 . 6  
3-M-OC 3 8 . 0  
4-M-OC 1 9 . 4  

- C13H28  

220 
1 0 . 6  

8 . 2  
~ 

2-EI-Do 1 5 . 0  
3-M-DO 2 2 . 3  
4-M-DO 1 8 . 0  
5-M-DO 2 2 . 8  
6-M-Do 2 1 . 9  

- C15H32 

210 
9 . 3  

2 . 8  

2-M-Te 1 4 . 6  
3-M-Te 1 8 . 8  
4-M-Te 1 5 . 4  
5-M-Te 1 5 . 5  
6-M-Te 1 8 . 0  
7-M-Te 1 7 . 7  

H y d r o c r a c k i n g  on Pt/HZSM-5 i s  p u r e l y  i o n i c ,  i . e . ,  n o  h y d r o -  
g e n o l y s i s  on P t - s i t e s  t a k e s  p l a c e .  T h i s  c a n  be c o n c l u d e d  
from t h e  a b s e n c e  o f  m e t h a n e  and e t h a n e .  T y p i c a l  c a r b o n  n u m -  
b e r  d i s t r i b u t i o n s  o f  t h e  c r a c k e d  p r o d u c t s  from n - t e t r a d e -  
c a n e  and  n - p e n t a d e c a n e  a r e  d e p i c t e d  i n  F i g .  2 .  Fo r  c o m p a r i s o n  
t h e  c o r r e s p o n d i n g  d i s t r i b u t i o n s  on a Y- type  z e o l i t e  w i t h  
a p u r e  p r i m a r y  c r a c k i n g  s e l e c t i v i t y  a r e  g i v e n .  
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- 5 -  

\ 

4 0  
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I CARBON NUMBER OF CRACKED PRODUCTS 

F i g .  2 :  Carbon Number D i s t r i b u t i o n s  i n  H y d r o c r a c k i n g  
o f  n - T e t r a d e c a n e  and  n - P e n t a d e c a n e  

The c u r v e s  f o r  Pt/HZSM-5 a r e  n o t  f u l l y  s y m m e t r i c a l  which  
i s  i n d i c a t i v e  o f  some s e c o n d a r y  c r a c k i n g .  I t  i s  e v i d e n t  
t h a t  t h e  c r a c k i n g  s e l e c t i v i t y  o n  Pt/HZSM-5 d e v i a t e s  c o n -  
s i d e r a b l y  f rom t h e  o n e  on f a u j a s i t e s .  I n  p a r t i c u l a r ,  more 
C 3  and C 4  a s  w e l l  a s  C m - 3  and  C m - 4  ( m  = c a r b o n  number o f  
f e e d )  a r e  formed on ZSM-5. M o r e o v e r ,  t h e  d i s t r i b u t i o n  c u r v e s  
f o r  t h e  medium-pore z e o l i t e  e x h i b i t  d i s t i n c t  min ima.  

The c r a c k e d  p r o d u c t s  on Pt/HZSM-5 c o n s i s t  o f  n - a l k a n e s  and  
me thy l  i s o m e r s .  D e t a i l e d  i s o m e r  d i s t r i b u t i o n s  w i l l  be g i v e n  
i n  t h e  p a p e r .  A r e a c t i o n  n e t w o r k  f o r  s h a p e - s e l e c t i v e  r e a r r a n -  
gemen t s  and  8 - s c i s s i o n s  i n  t h e  p o r e s  of ZSM-5 w i l l  be  d e v e -  
l o p e d .  
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Para-Methylstyrene - A New Monomer and Polymer f o r  Industry 

Warren W .  Kaeding, L. Brewster Young and A. G. Prapas 

Mobil Chemical Co., P. 0. Box 1028, Pr ince ton ,  N.J. 08540 

INTRODUCTION. The p resen t  l a r g e  volume s ty rene  indus t ry  began dur ing  World 
War I1 a s  p a r t  of t h e  e f f o r t  t o  produce syn the t i c  rubber t o  r ep lace  suppl ies  of 
n a t u r a l  rubber  which were suddenly c u t  o f f  from sources  i n  Asia (1 ,Z) -  A rapid 
growth i n  polymer technology eventua l ly  followed. 
v a r i e t y  of new monomers were synthes ized ,  p u r i f i e d  and polymerized t o  e s t a b l i s h  
the  p r i n c i p l e s  and products  of t h e  l a r g e  volume s t y r e n i c s  p l a s t i c s  i ndus t ry  a s  we 
know i t  today. 

VINYLTOLUENE. When to luene  was s u b s t i t u t e d  f o r  benzene i n  t h e  a l k y l a t i o n  
s t ep ,  e thy l to luene  was produced, Equation 1 (R=CH3). The corresponding 
v inyl to luene  was obtained by a subsequent c a t a l y t i c  dehydrogenation, Equation 2, 
i n  a manner analogous t o  t h e  process f o r  producing s ty rene  (3 ) .  By con t r a s t  w i t h  
s tyrene ,  however, a mixture of t h r e e  isomers was formed. 

A cons iderable  number and 

Di f f e ren t  polymer 

R 
I 

CH2CH3 
I 

CH2CH3 

/ 

CH =CH2 

prope r t i e s  of t hese  i n d i v i d u a l  isomers and var ious  mixtures were observed g iv ing  
r i s e  t o  more complex s e p a r a t i o n  and p u r i f i c a t i o n  s t e p s .  
commerce which eventua l ly  emerged from t h i s  work i s  composed of approximately 35% 
para  and 65% meta isomers determined p r imar i ly  by t h e  r a t i o  produced dur ing  
a l k y l a t i o n  wi th  an  HCl-AlC13 c a t a l y s t  and p r a c t i c a l  isomer sepa ra t ion  
l i m i t a t i o n s  ( 4 ) .  

p u r i f i c a t i o n  problems. Polymer p r o p e r t i e s  of s tyrene  were a l s o  favored by 
comparison wi th  t h e  v iny l to luene  mixtures  which could be e f f i c i e n t l y  produced 
wi th  the  c a t a l y s t s  and processes  a v a i l a b l e .  
dominant v iny l  aromatic monomer and polymer i n  t h e  marketplace. 

t h e  s t r u c t u r e  and c a t a l y t i c  p r o p e r t i e s  of t he  n a t u r a l l y  occurr ing  z e o l i t e s  has 
grown (5.6). 
development of techniques f o r  manufacture of many of these  ma te r i a l s  and 
e s p e c i a l l y  wi th  t h e  discovery of unique, new s y n t h e t i c  z e o l i t e s  not found i n  
na tu re  which have demonstrated d e s i r a b l e  c a t a l y t i c  p r o p e r t i e s  (7 ) .  

con ta in  pores and channels of p r e c i s e  and uniform dimensions. Chemical r eac t ions  
occur pr imar i ly  wi th in  t h e  pores  a t  c a t a l y t i c  s i tes,  o f t e n  a c i d i c  pro tons ,  
p resent  on the  i n t e r n a l  framework s t r u c t u r e .  The dimensions of  Mobil ZSM-5 c l a s s  
z e o l i t e  pores a r e  s u f f i c i e n t  t o  admit c e r t a i n  s u b s t i t u t e d  benzene de r iva t ives .  

h 
The v inyl to luene  of 

i 

Styrene i s  t h e  s imples t  v i n y l  aromatic wi th  the  fewest production and 

As a r e s u l t ,  s ty rene  has become t h e  

ZEOLITE CATALYTS. During t h e  p a s t  t h ree  decades,  i n t e r e s t  and knowledge of 

More r ecen t ly ,  t h i s  e f f o r t  has expanded dramat ica l ly  wi th  t h e  

Zeo l i t e  c a t a l y s t s  a r e  c r y s t a l s  composed of s i l i c o n  and aluminum oxides which 
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Bowever, analogues with bulky side-chains or polycycl ic  r i n g s  can not d i f f u s e  i n  
o r  ou t  of the  pores t o  undergo a chemical r eac t ion  o r  be produced wi th in  t h e  
pores- 
l imi t ed  space wi th in  t h e  pores ( 7 ) .  

(ulrmodified) HZSM-5 c a t a l y s t  conta in ing  a c i d i c  s i t e s ,  Equation 1 ( 8 ) .  
s t a r t i n g  ma te r i a l s  and products can d i f f u s e  i n  and out of t h e  pores.  
composition of products observed, however, d i f f e r s  s i g n i f i c a n t l y  from t h a t  found 
wi th  an  HCl-AlC13 c a t a l y s t .  
of magnitude, Table 1. An examination of t h e  r e l a t i v e  minimum dimensions of the 
e thyl to luene  isomers, Table 2, i n d i c a t e s  t h a t  t h e  para isomer i s  smal les t  (9) .  
The small  d i f f e rence  between t h e  o r tho  and meta isomers i s  a l s o  s i g n i f i c a n t .  We 
be l ieve  t h a t  t he  product mix observed was a r e s u l t  of t h e  p r e c i s e  dimensions of 
t h e  z e o l i t e  c a t a l y s t  pores. A s u b t l e  d i s t i n c t i o n  was made between t h e  meta and 
o r tho  isomers based on s i z e ,  favor ing  the  smal le r  isomer,  e i t h e r  by r a t e  o f  
formation and/or r a t e  of d i f f u s i o n  ou t  of t h e  pore (10). 

reducing the  e f f e c t i v e  pore and channel dimensions a s  o r i g i n a l l y  synthesized by 
modi f ica t ion  of t h e  c a t a l y s t  wi th  phys ica l  t rea tments  and chemical reagents .  
Para-selective a l k y l a t i o n  c a t a l y s t s  were produced. 
observed f o r  t he  a l k y l a t i o n  r eac t ion .  
product produced was the  smal les t  para  isomer. 
v i r t u a l l y  e l imina ted .  
isomers were increased  by th ree  o rde r s  of magnitude wi th  modified para-se lec t ive  
c a t a l y s t s  (10). 

production of e thy l to luene  by comparison wi th  t h e  HC1-AlC13 c a t a l y s t .  
undesired or tho  isomer,  which is produced, and must be separa ted  and recycled is 
v i r t u a l l y  e l imina ted .  
because of the  confined space wi th in  t h e  pores.  
of cor ros ion ,  d i sposa l  and sepa ra t ion  encountered with t h e  use of AlCl3 a r e  
e l imina ted .  

t h e  labora tory .  However, we have se l ec t ed  a 97% para-, 3% meta-ethylstyrene 
mixture,  designated PMS, f o r  i n i t i a l  polymerization s tud ie s .  A comparison of 
t y p i c a l  monomer p rope r t i e s  of PMS with  s ty rene  and commercial v inyl to luene  i s  
shown i n  Table 3. I n  broad terms, PMS i s  s i m i l a r  t o  s ty rene  i n  i t s  
polymerization behavior. 
m e l t  flow p rope r t i e s ,  have been prepared. 
s u b s t i t u t i n g  PMS f o r  s tyrene .  
d i f f e rences  a s  wel l  a s  s i m i l a r i t i e s  wi th  polys tyrene ,  Table 4. 

A p o t e n t i a l l y  important advantage of poly-PMS i s  i t s  lower dens i ty  r e l a t i v e  
t o  s tyrene  which t r a n s l a t e s  t o  a 4X reduct ion  i n  weight requi red  t o  f a b r i c a t e  a 
des i r ed  product.  Poly-PMS has a g l a s s  t r a n s i t i o n  temperature of 113'C, 11°C 
h igher  than polys tyrene ,  Table 4. 
s a f e t y  f o r  h igher  temperature use  and s to rage ,  decreases  i n  molding cyc le  t imes,  
b e t t e r  mold f i l l  p rope r t i e s  and h igher  melt  s t r eng ths  have been observed. 

A p o t e n t i a l  a p p l i c a t i o n  where poly-PMS can g ive  a s i g n i f i c a n t  improvement 
compared wi th  polys tyrene  i s  i n  t h e  a rea  of flame re ta rdancy  (FR) o r  i g n i t i o n  
r e s i s t ance .  PMS-based impact r e s i n s  r equ i r e  lower loadings  of FR reagents  t o  
meet the des i red  r a t i n g s .  

i t s  proper t ies .  
developed. 
f o r  c ros s l ink ing  a t  commercially v i ab le  l e v e l s  of e l e c t r o n  beam rad ia t ion .  

Zeol i te  c a t a l y s t s  have shape s e l e c t i v e  p rope r t i e s  by v i r t u e  of t he  

Toluene can be a lky la t ed  with e thylene  t o  produce e thy l to luene  over 
The 

The 

The amount of or tho  isomer was reduced by an order  

PARA-SELECTIVITY. To magnify t h i s  e f f e c t ,  methods have been developed f o r  

A dramatic d i f f e rence  was 
Ninety-seven percent  of t h e  e thyl to luene  

The l a r g e s t  o r tho  isomer was 
The r a t e s  of d i f f u s i o n  between t h e  para  and ortho/meta 

The use of a modified z e o l i t e  c a t a l y s t  o f f e r s  s eve ra l  advantages f o r  
The 

Production of d i -  and polye thyla ted  to luene  i s  inh ib i t ed  
I n  add i t ion .  a l l  of t he  problems 

POLY-PARA-METHYLSTYRENE. Samples of 99+% p-methylstyrene were prepared i n  

PMS polymers, wi th  a v a r i e t y  of molecular weights and 
Analogous copolymers were a l s o  made by 

A s tudy  of polymer p rope r t i e s  r evea l s  some 

In  a d d i t i o n  t o  providing a n  e x t r a  margin of 

Polystyrene is  very d i f f i c u l t  t o  c r o s s l i n k  by r a d i a t i o n  without des t roying  
A s  a r e s u l t ,  app l i ca t ions  us ing  t h i s  proper ty  have not been 

The methyl group of Poly-PMS, however, provides suscep t ib l e  pos i t i ons  
This 
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conver t s  a thermoplas t ic  t o  a thermoset r e s i n ,  s i g n i f i c a n t l y  improving i t s  grease 
r e s i s t ance  and f lammabi l i ty  behavior.  

S tyrene  has  enjoyed a s p e c i a l  p o s i t i o n  among vinylaromatic monomers 
because of i t s  l a c k  of  i somers  and consequent e a s e  and s i m p l i c i t y  of production. 
Our d iscovery  of  novel technology t o  produce p-e thyl to luene  has  enabled us  t o  
manufacture a s u b s t i t u t e d  v i n y l  a romat ic  monomer s e l e c t i v e l y .  S ince  much benzene 
i s  produced from to luene ,  t h e  d i r e c t  use  of to luene  f o r  PMS e l imina te s  t h e  f i r s t  
process s t e p  for s ty rene .  Q u a n t i t i e s  of  PMS from a semi-commercial p l an t  a r e  now 
ava i l ab le  f o r  t h e  c r i t i ca l  cost/performance test  i n  t h e  marketplace t o  eventually 
determine i t s  p lace  i n  t h e  polymer indus t ry .  
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Table 1. Alkyla t ion  of Toluene wi th  Ethylene 
Composition of Typical Product Streams , 

I Cata lys t s  

I 
Compound, w t X  RCl-AlC13 a ZSM-5 Class Z e o l i t e  

Unmodified Modified 

Light gas  and Benzene 0.2 
Toluene 48.3 
Ethylbenzene and Xylenes 1 . 2  
p-Ethyltoluene 11.9 
m-Ethyltoluene 19.3 
0-Ethyltoluene 3.8 
Aromatic C l @  14.4 
Tar 0.9 
Tota l  100.0 
Ethyltoluene Isomers, X 

Para 34.0 
Meta 55.1 
Ortho 10.9 

- I 

1 

1 .o 
74.4 
1.2 
7.0 

14.7 
.3 

1.4 
0 

100.0 

31.8 
66.8 

1.4 

- 

0.9 
86.2 

0.5 
11.9 

0.4 
0 
0.1 
0 

1oo.o 
96.7 

3.3 
0 

i 
( a )  R e f .  4 
( b )  Excess to luene  is used t o  prevent po lya lkyla t ion  and r e s u l t a n t  b u i l d v p  of 

C l @  and tars. 

Table 2. Minimum Dimensions of  Alkyl Aromatics a 

Hydrocarbon 

Benzene 
Toluene 
E t  hylbenzene 
o-Xylene 
m-Xylene 
p-Xylene 
o-Ethyltoluene 
m-Ethyltoluene 
p-Ethyltoluene 

Minimum Cross Sec t ion  
A 

7.0 
7.0 
7.0 
7.6 
7.6 
7 .O 
7.7 
7.6 
7 . 0  

(a)  From Fischer-Hirschfelder-Taylor hard sphere  molecular  
models. 
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Table 3. Typical Monomer P r o p e r t i e s  

Pur i ty  (wtX v iny l )  
Isomer D i s t r i b u t i o n  

Para 
Ueta 
Ortho 

Ref rac t ive  Index ( n ~ 2 5 )  
Density,  g . ~ m - ~  (25'C) 
Viscosi ty ,  cps  ( 2 5 O C )  
Surface Tension, dynes-cm-l ( 2 5 O C )  
Boil ing Point  ("C @ 760 mmHg) 
Freezing Point ("C) 
Volume Contract ion on Polymerizat ion 

Beat of Polymerization 
(% b l c u l a t e d  @ 25OC) 

(Kcal mole-l) 

Table 4. P rope r t i e s  of Typical  Polymers 

P rope r t i e s  

Spec i f i c  g r a v i t y ,  gm/ml 
Melt f low r a t e  (condi t ion C) 
Thermal 

Glass t r a n s i t i o n  temp. ("C) 
Vicat Softening ("C) 
h a t  d i s t o r t i o n  temp. ("C) 

Tens i l e  s t r e n g t h  a t  break ( p s i  x 
Elongation ( X )  
Tens i l e  modulus (psi x 
Flexural  s t r e n g t h  ( p s i  x l o+)  
Hardness (Rockwell M) 
Izod impact ( f t . l b s . / i n . )  

Mechanic a 1 

PMS 

99.7 

97 
3 

1.5408 
0.892 
0.79 

-- 

34 
170 
-34 

1 2  

15-17 

Styrene 

99.7 

-- 
-- -- 

1.5440 
0.902 
0.72 

32 
145 
-31 

14  

1 7  

Poly PUS a 

1.01 
2.5 

113 
11 6 

95 

7.0 
3.0 
3.2 

12  
82 

0.3 

V i  nyltoluene 

99.2 

33 
66.7 
0.3 
1.5395 
0.893 
0.78 

31 
168 
-77 

12  

15-17 

I 

; Polystyrene 

1.05 
2.5 1 

102 
109 

89 

7.6 
3.0 
3.6 

1 3  
74 

I 0.3 

( a )  972 para ,  3% meta isomers  
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CO/H2 CHEMISTRY I N  A CHANGING ENVIRONMENT 

Roy L. P r u e t t  
Exxon Research and Eng ineer ing  Company 

Corporate Research L a b o r a t o r i e s  
P. 0. Box 45,  

Linden, NJ 07036 

The c a t a l y t i c  chemist ry  of CO/H 
t h e  pas t  10 years, and espec ia l?y  d u r i n g  t h e  p a s t  3. 
seve ra l  assumptions, which i n c l u d e  two t h a t  a r e  key: 

a t  a r a p i d  pace; (b)  t h e  p a r t i a l  o x i d a t i o n  o f  coa l  t o  CO/H2 f o r  b o t h  f u e l  and 
chemical purposes w i  11 become economical ly  compe t i t i ve .  
I n  keeping w i t h  t h i s  a c t i v i t y ,  a l a r g e  number o f  p o t e n t i a l  p roduc ts  have been 
synthes ized from CO/H2. 
methane and ethylene, t o  much more comp l i ca ted  molecules, such as v i n y l  acetate,  I durene, long-chain a - o l e f i n s ,  etc. 
A t  t h e  present  t ime, t h e r e  have been s i g n i f i c a n t  changes i n  t h e  p r o j e c t e d  t i m i n g  f o r  

\ some CO/H2 a p p l i c a t i o n s .  These a r e  caused by: (a) decreased demand f o r  crude, due 
t o  conserva t i on  e f f o r t s  and t h e  accompanying oversupply  and p r i c e  s t a b i l i z a t i o n ;  ( b )  ' 
increased emphasis on n a t u r a l  gas and n a t u r a l  gas l i q u i d s  as sources f o r  methanol and 
o t h e r  b a s i c  commodity chemicals, e s p e c i a l l y  i n  c e r t a i n  p a r t s  o f  t h e  w o r l d  r i c h  i n  

* these resources. 
The r e s u l t  o f  t he  changing environment has been a decrease i n  development e f f o r t s  
toward chemicals and f u e l s ,  except f o r  t hose  areas i n  which spec ia l  s i t u a t i o n s  
e x i s t .  T h i s  p r e s e n t a t i o n  w i l l  i n c l u d e  d i scuss ions  o f  a number o f  processes which 
have been exper imen ta l l y  demonstrated, a number which a r e  proceeding toward 
commerc ia l izat ion,  some r e c e n t l y  p u b l i c i z e d  r e s u l t s  i n  key areas, and a d i scuss ion  o f  
how the  changing environment has a l t e r e d  the  ou t l ook  on CO/H2 chemist ry .  

has been t h e  sub jec t  o f  concen t ra ted  research d u r i n g  
Th is  e f f o r t  has been based on 
(a)  t h e  cos t  o f  pe t ro leum and 

; pet ro leum-der ived chemical raw m a t e r i a l s  (e.g., e t h y l e n e )  w i l l  c o n t i n u e  t o  e s c a l a t e  

These vary from t h e  s i m p l e s t  molecules, such as methanol, 

I 

1 6 3  



S y n t h e s i s  Gas Conversion With a T r a n s i t i o n  Meta l -Zeol i te  C a t a l y s t  

H. W. P e n n l i n e ,  V. U. S. Rao, R. J .  Gormley, and R. R. Schehl  

U. S. Department of  Energy 
P i t t s b u r g h  Energy Technology Center  

P. 0. Box 10940 
P i t t s b u r g h ,  PA 15236 

INTRODUCTION 

Recent ly ,  much i n t e r e s t  has  been  genera ted  i n  t h e  s y n t h e s i s  of hydrocarbon 
f u e l s  from low r a t i o  hydrogen-to-carbon monoxide m i x t u r e s  u s i n g  i n d i r e c t  
l i q u e f a c t i o n  c a t a l y s t s .  S t u d i e s  have shown t h a t  a low H2:CO r a t i o  s y n t h e s i s  
g a s  is produced by t h e  more e f f i c i e n t ,  second g e n e r a t i o n  g a s i f i e r s  (1). One 
of  t h e  o b j e c t i v e s  of t h e  c a t a l y s t  r e s e a r c h  program of t h e  U. S. Department of 
Energy/Pi t t sburgh  Energy Technology Center  i s  t o  i n v e s t i g a t e  v a r i o u s  i n d i r e c t  
l i q u e f a c t i o n  c a t a l y s t  systems t h a t  are capable  of u s i n g  low r a t i o  s y n t h e s i s  
g a s  mixtures .  

Of p a r t i c u l a r  i n t e r e s t  are c a t a l y s t s  t h a t  e x h i b i t  s h a p e - s e l e c t i v e  p r o p e r t i e s .  
With t h e  advent  of t h e  Mobil methanol - to-gasol ine  p r o c e s s ,  ZSM-5 and o t h e r  
medium pore  z e o l i t e  sys tems have been i n v e s t i g a t e d  ( 2 , 3 , 4 ) .  Work a t  PETC h a s  
involved t h e  d i r e c t  convers ion  of low r a t i o  hydrogen-to-carbon monoxide s y n t h e s i s  
g a s  t o  l i q u i d  f u e l s  v i a  t r a n s i t i o n  m e t a l - z e o l i t e  combinat ions.  
menta t ion ,  c o b a l t  and i r o n ,  e i t h e r  promoted o r  unpromoted, have been i n v e s t i g a t e d  

p r e l i m i n a r y  r e s u l t s  o b t a i n e d  w i t h  a Co-Th-ZSM-5 c a t a l y s t ,  a p r o c e s s  v a r i a b l e  
s t u d y  wi th  t h i s  c a t a l y s t  system w a s  undertaken.  

EXPERIMENTAL 

c 

I n  p a s t  exper i -  

i n  t u b u l a r  m i c r o r e a c t o r s  o r  i n  bench-scale  mixed r e a c t o r s .  Due t o  t h e  i n t e r e s t i n g  J 

The c a t a l y s t  was prepared  by p h y s i c a l l y  mixing t h e  t r a n s i t i o n  metal-promoter 
c o p r e c i p i t a t e  w i t h  t h e  z e o l i t e .  C o b a l t - t h o r i a  i n  a r a t i o  of about  10/1 was 
c o p r e c i p i t a t e d  from a s o l u t i o n  of t h e  n i t r a t e s  of t h e s e  m e t a l s  wi th  sodium 
carbonate ,  washed, d r i e d ,  and s i e v e d  through 200 mesh. 
ZSM-5 was f a b r i c a t e d  accord ing  t o  i n f o r m a t i o n  i n  t h e  p a t e n t  l i t e r a t u r e  (5) .  
The d r i e d  NH4-ZSM-5 w i t h  a s i l i c a / a l u m i n a  r a t i o  of  3 0 / 1  was t h e n  s i e v e d  
through 200 mesh, mixed w i t h  t h e  d r i e d  c o p r e c i p i t a t e ,  and r o l l e d  o v e r n i g h t  f o r  
i n t i m a t e  mixing. I n i t i a l l y  t h i s  m i x t u r e  w a s  p e l l e t e d  f o r  t e s t i n g .  However, 
due  t o  t h e  f r a n g i b i l i t y  of  t h e  p e l l e t s ,  f u r t h e r  t e s t i n g  was conducted wi th  
c a t a l y s t  t h a t  w a s  ex t ruded  w i t h  C a t a p a l  SB alumina and d r i e d .  
i n t e g r i t y  of t h e  e x t r u d a t e s  was g r e a t l y  enhanced by t h e  alumina b i n d e r .  
Microreac tor  tests of t h e  p e l l e t e d  v e r s u s  t h e  e x t r u d e d  c a t a l y s t  i n d i c a t e d  t h a t  
t h e  a d d i t i o n  of  t h e  alumina b i n d e r  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  c a t a l y s t  
behavior .  
approximately 1/8- inch,  and t h e  f i n a l  c a t a l y s t  composi t ion was 12.5 p e r c e n t  
c o b a l t ,  1 .2  p e r c e n t  t h o r i a ,  10-15 p e r c e n t  a lumina,  and t h e  remainder  ZSM-5. 

The s t u d i e s  were c a r r i e d  o u t  i n  a mixed r e a c t o r  system as d e s c r i b e d  by Berty (6)  
The c a t a l y s t  e x t r u d a t e s  w e r e  loaded i n t o  a 2-inch-diameter b a s k e t  and suppor ted  
by a s t a i n l e s s  s tee l  screen .  I m p e l l e r  speed was 1240 rpm. An o u t e r  furnace  
h e a t e d  t h e  r e a c t o r ,  whi le  e x c e l l e n t  bed tempera ture  c o n t r o l  w a s  ob ta ined  by a 
m o d i f i c a t i o n  t h a t  involved  t h e  i n s t a l l a t i o n  of a c o i l  i n  t h e  r e a c t o r  head 
through which a i r  could f low f o r  f a s t e r  h e a t  removal. 

The amonium form of 

The s t r u c t u r a l  

E x t r u d a t e s  were 1/8- inch-diameter  c y l i n d e r s  w i t h  random l e n g t h s  of 
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The schematic of the system is shown in Figure 1. Synthesis gas is stored in 
large gas holders at ambient conditions. The gas is then boosted to high 
pressures after going through a silica gel trap for dehumidification and an 
activated carbon trap to remove sulfur impurities. 
stored in a bank of aluminum cylinders rather than carbon steel cylinders to 
prevent carbonyl formation. Before entering the system, the gas is again 
flowed through an activated carbon trap. The flow is metered and controlled 
by a mass flow meter, and hydrogen can be blended with the 1HZ:lCO synthesis 
gas via a similar apparatus. 
heated line (200'C) and enter a hot trap (200°C) where heavy hydrocarbons, if 
produced, are condensed. Lighter products are condensed in water-cooled or 
air-cooled traps. The product gas is metered by a wet test meter and can be 
directed to an on-line gas chromatograph that can analyze hydrocarbons up to 

The high-pressured gas is 

Products exit the reactor via a downward sloping 

C8. 

The catalyst was brought to synthesis conditions in an identical manner for 
each test. Initially the reactor was pressurized to 300 psig with hydrogen. 
The activation procedure began by flowing hydrogen at 1000 hr-l space velocity 
over the catalyst while rapidly heating to 200°C. 
temperature level for two hours, the catalyst was heated to 350°C for twenty- 
one hours under the hydrogen flow. It has been reported in the literature 
that a 35OoC reduction greatly enhances the hydrogen adsorption capacity of a 
cobalt catalyst (7). Afterwards, the catalyst temperature was reduced to 
25OOC and then the pressure was decreased to 100 psig. 
the synthesis gas flow rate was incrementally increased over an hour until the 
design space velocity for the test was reached. Care was taken at this critical 
point so that temperature runaway did not occur. After this induction step, 
the pressure was increased to operating conditions, and afterwards the temper- 
ature was increased (lO°C/hr) to synthesis conditions. Trap drainings, flow, 
and gas analyses were performed on a 24-hour basis for a material balance de- 
termination. All tests in this study used a 1Hz:lCO feed gas. 

The gaseous and liquid products were characterized by various techniques. 
Product gas exiting the system was analyzed for hydrocarbons up to C8 by gas 
chromatography. Liquid hydrocarbon samples, after a physical separation from 
the aqueous phase, were characterized by simulated distillation ASTM D-2887, 
fluorescent indicator adsorption ASTM D-1319, and bromine number ASTM D-1159. 
The aqueous fraction was analyzed by mass spectroscopy, and the water content 
was determined by the Karl Fischer reagent technique. 

After maintaining this 

At these conditions 

RESULTS AND DISCUSSION 

To determine if deactivation would be a problem in the study, one of the first 
experiments in the process variable scan was a life test conducted at 28OoC, 
300 psig, and 1000 hr-' space velocity of 1Hp:lCO synthesis gas. 
in Table 1 for test 1-39 at different times on stream indicate that catalyst 
deactivation is significant. The initial high (H2+CO) conversion of 83.8 
percent decreases after 417 hours on stream to 56.6 percent. The hydrocarbon 
product distribution also shifts to a lighter fraction with time, as noted by 
the increase in percent CHI, (23.4 to 42.4) and by the decrease in Cg+ weight 
percent (61.0 to 38.5), which corresponds to the decreasing liquid product 
yield. The functionality of the liquid oil was constant throughout the test, 
with a high olefin (76) and low paraffin (20) and aromatic (4) percentages. 
Aqueous analyses indicated that +99 percent of this fraction was water. It 

Data listed 
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was concluded from t h i s  t e s t  t h a t  d e a c t i v a t i o n  was a key f a c t o r ,  and subse- 
q u e n t l y  a l l  comparisons would be  done a f t e r  t h e  same time on  stream us ing  a 
d i f f e r e n t  c a t a l y s t  charge  f o r  each  test. 

Test  1-42 w a s  conducted t o  e l u c i d a t e  t h e  r o l e  of t h e  z e o l i t e  f u n c t i o n  of t h e  
b i f u n c t i o n a l  c a t a l y s t  a t  t h e  lower tempera ture  of 280'C. 
c o b a l t  and thorium were added i n  t h e  same p r o p o r t i o n  as t h e  ZSM-5 based  
c a t a l y s t  t o  c a l c i n e d  C a t a p a l  SB gamma alumina,  and t h e  mixture  was t h e n  
ex t ruded  w i t h  u n c a l c i n e d  alumina.  When t h i s  test  i s  compared t o  1-39, t h e  
convers ion  v e r s u s  t i m e  curves  are a lmost  i d e n t i c a l ,  i n d i c a t i n g  t h a t  t h e  
Fischer-Tropsch component, Co-Th, i s  r e s p o n s i b l e  f o r  t h e  s y n t h e s i s  a c t i v i t y  of 
t h e  c a t a l y s t  and a l s o  i s  t h e  f u n c t i o n a l  component d e a c t i v a t i n g  wi th  t i m e .  
However, t h e  hydrocarbon d i s t r i b u t i o n  i s  d i f f e r e n t  i n  each  case, wi th  t h e  . 
alumina based  cobal t - thor ium y i e l d i n g  a h e a v i e r  product  than  t h e  ZSM-5 based 
c a t a l y s t .  This  i s  evidenced  i n  Table  1 by t h e  g r e a t e r  wax f r a c t i o n  i n  t h e  
hydrocarbons w i t h  t h e  alumina based  c a t a l y s t  (10.3 p e r c e n t  v e r s u s  1 .8  p e r c e n t )  
and less o f  t h e  l i q u i d  o i l  f r a c t i o n  b o i l i n g  i n  t h e  g a s o l i n e  range ,  a s  de- 
termined by s imula ted  d i s t i l l a t i o n  (68 p e r c e n t  v e r s u s  89  p e r c e n t ) .  

The f u n c t i o n a l i t y  of t h e  l i q u i d  product  o i l s  i n d i c a t e s  t h a t  more o l e f i n s  are 
produced w i t h  t h e  ZSM-5 based  c a t a l y s t  t h a n  w i t h  t h e  alumina based c a t a l y s t .  
Proton NMR s t u d i e s  of t h e  o i l s  i n d i c a t e  t h a t  t h e  ZSM-5 based c a t a l y s t  produces 
a h igh  d e g r e e  of branching ,  whereas  t h e  alumina based c a t a l y s t  p roduct  i s  
l i n e a r .  A l s o ,  B-olef ins  w i t h  n e g l i g i b l e  a - o l e f i n s  are formed w i t h  t h e  ZSM-5 
based c a t a l y s t ,  whereas  t h e  o p p o s i t e  o c c u r s  wi th  t h e  alumina based c a t a l y s t .  

The e f f e c t  o f  r e a c t i o n  t e m p e r a t u r e  w a s  observed i n  f o u r  s e p a r a t e  tests a t -  
260", 280°, 300", and 320'C a t  p r o c e s s  c o n d i t i o n s  of 300 p s i g  and 4000 h r  ' 
s p a c e  v e l o c i t y .  R e s u l t s  a r e  l i s t e d  i n  Table  1. With an i n c r e a s e  i n  temper- 
a t u r e ,  t h e  hydrocarbon d i s t r i b u t i o n  s h i f t s  t o  a l i g h t e r  p r o d u c t ,  as i n d i c a t e d  
by t h e  i n c r e a s i n g  CHq f r a c t i o n ,  t h e  d e c r e a s i n g  Cg+ f r a c t i o n ,  and t h e  i n c r e a s i n g  
f r a c t i o n  b o i l i n g  i n  t h e  gaso l ine- range .  Also i n t e r e s t i n g  i s  t h e  f u n c t i o n a l i t y  
of t h e  product  o i l .  With a d e c r e a s e  i n  r e a c t i o n  tempera ture  from 280"C, t h e  
o l e f i n / p a r a f f i n  r a t i o  d e c r e a s e s  and approaches a p a r a f f i n i c  product ,  which i s  
c h a r a c t e r i s t i c  of c o b a l t  c a t a l y s t s ,  t h u s  i n d i c a t i n g  t h a t  a t  t h e  lower temper- 
a t u r e  (5 260°C), t h e  z e o l i t e  f u n c t i o n  does n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h e  
r e a c t i o n  mechanism. 
e n t  f u n c t i o n a l l y  from t h e  280°C test .  
of a romat ics  w a s  formed (46%),  which can be  a t t r i b u t e d  t o  t h e  ac id-ca ta lyzed  
r e a c t i o n s  w i t h i n  t h e  z e o l i t e  framework a t  t h e  h i g h e r  tempera ture .  No hydro- 
carbons  above a carbon number of  12 were formed. 

Unfor tuna te ly ,  a t  t h e  e l e v a t e d  t e m p e r a t u r e s ,  t h e  r a t e  of d e a c t i v a t i o n  i s  q u i t e  
s i g n i f i c a n t ,  as s e e n  i n  F i g u r e  2. A s  e x p e c t e d ,  i n i t i a l  convers ions  are g r e a t e r  
a t  t h e  h igher  t e m p e r a t u r e s ,  b u t  t h e  rate of d e a c t i v a t i o n  i s  a l s o  g r e a t e r  a t  
t h e  h i g h e r  r e a c t i o n  tempera tures .  A c c e l e r a t e d  carbon o r  coke format ion  a t  t h e  
h i g h e r  tempera ture  could  e x p l a i n  t h e  r a p i d  d e a c t i v a t i o n .  

The e f f e c t  of t h e  promoter  thor ium can  be  determined by comparing t e s t  1-57 
(12.5% CO-ZSM-5) and t e s t  1-41 (12.5% Co-1.2% Th02-ZSM-5), which are a t  t h e  
same process  c o n d i t i o n s .  The thor ium i n c r e a s e s  t h e  a c t i v i t y  of  t h e  c o b a l t -  
ZSM-5, as evidenced by t h e  convers ion  d a t a .  
w i t h  t h e  promoted c a t a l y s t .  
hydrocarbon d i s t r i b u t i o n ,  as noted  by t h e  d e c r e a s e  i n  t h e  methane f r a c t i o n ,  t h e  
increase i n  t h e  C5+ f r a c t i o n ,  and t h e  i n c r e a s e  i n  t h e  wax f r a c t i o n .  

Coprecipi i fa ted 

The t es t  a t  300°C y i e l d e d  an o i l  f r a c t i o n  n o t  t o o  d i f f e r -  
However, a t  3 2 O o C ,  a s i g n i f i c a n t  amount 

Liquid  products  are more o l e f i n i c  
Also ,  t h e  thorium s h i f t s  t h e  product  t o  a h e a v i e r  
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The effects of different methods of catalyst pretreatment, which included 
calcination in air of only the zeolite component before mixing and extrusion, 
calcination in air of the total extruded catalyst, and chemically treating the 
zeolite before mixing and extrusion, were investigated. After the standard 
activation procedure and at process conditions of 4000 hr-' space velocity, 
300 psig, and 280"C, the activities of all catalysts tested, as characterized 
by conversion, were identical. A catalyst air-calcined at 350°C exhibited 
similar results to an uncalcined catalyst activated in hydrogen at 35OoC, and 
no major differences existed between the calcination of only the zeolite 
component as compared to calcination of the total catalyst. 

Three tests with Co-Th-ZSM-5 were conducted at identical process conditions, 
with the only difference being the calcination temperatures of the respective 
catalysts: 538°C (test 2-6), 450'C (test 2-2), and no calcination (test 1-41). 
The simulated distillation results in Table 1 indicate that a lighter gasoline 
range liquid product is formed after the two higher temperature calcinations, 
although the conversions and liquid oil yields for all three tests are very 
similar. The aromatic fraction in the liquid oil increases (2, 7, and 10 
percent) with the increasing temperature of calcination. Calcination evidently 
increases the strength of the acid sites in the zeolite component, and this 
leads to a greater aromatic formation. 

\ In another comparison, the ZSM-5 component was exchanged with HC1 (test 1-54) 

\ 
rather than the usual NHqC1 exchange (test 1-41) with the purpose of increasing 
the strength of the acid sites. The uncalcined zeolites were then individually 
mixed with equal amounts of cobalt - thorium and extruded. Each catalyst was 
tested in a Berty reactor as in the previous preparative work: 
of 4000 hr-' with 1H2:lCO synthesis gas, 280"C, and 300 psig. 
the activity of both catalysts was the same with time on stream. However, the 
product selectivity for the two catalysts was different. The product from the 
HC1-exchanged catalyst was much lighter than that from the NHqC1-exchanged 
catalyst, as seen by the difference in gasoline-range hydrocarbons (89 versus 

in olefin content for both catalysts, the aromatic content from the HC1- 
exchanged catalyst was higher (11 percent) than that from the NHqC1-exchanged 
catalyst (2 percent). 

SUMMARY 

From this study with the promoted transition metal-zeolite combination, 
several conclusions can be made. At medium temperature and with a low H2:CO 
ratio synthesis gas, the cobalt-thorium-ZSM-5 synthesizes a highly branched 
olefinic product. Deactivation at these conditions can be attributed to the 
Fischer-Tropsch component of the catalyst. As the higher optimum temperature 
for the catalytic activity of the zeolite component is approached, a high 
fraction of aromatics is formed in the liquid product. The effect of the 
addition of the promoter thorium to the transition metal-zeolite catalyst is 
to increase olefin production and to increase the amount of liquid hydrocarbon 
formation. A pretreatment step (calcination or chemical), which does not 
alter the synthesis activity of the catalyst, activates the acid sites of the 
zeolite component and thus increases production of aromatics. 

\ a space velocity 
Results indicate 

\ 

\ 70 percent). Although the functionality of the liquid product is still high 
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THE ROLE OF THE SURFACE OXYMETHYLENE SPECIES I N  SYNFUEL CATALYSIS 

R. S. Sapienza and W. A. S l e g e i r  

Energy Technology Programs 
Department of Energy d Environment 

Brookhaven N a t i o n a l  Labora tory  
Upton, New York 11973 

Even wi th  t h e  r e c e n t  i n t e r e s t  i n  s y n t h e s i s  gas  chemis t ry ,  t h e  mechanisms of t h e  
v a r i o u s  r e a c t i o n s  and t h e  r o l e  t h e  c a t a l y s t  p lays  has  y e t  t o  be  unequivoca l ly  
e s t a b l i s h e d .  A review of t h e  r e s e a r c h  work Carr ied  o u t  t o  e l u c i d a t e  t h e  r e a c t i o n  
mechanisms does not  y i e l d  c o n s i s t e n t  conclus ions  i n  s p i t e  of t h e  g r e a t  e f f o r t s  o f  
many i n v e s t i g a t o r s  and t h e  use  of many d i f f e r e n t  s c i e n t i f i c  t o o l s .  A comparison of 
r e a c t i o n  r e s u l t s  does not  make i t  probable  t o  assume b a s i c a l l y  d i f f e r e n t  r e a c t i o n  
mechanisms f o r  d i f f e r e n t  c a t a l y s t s .  The s u b t l e  d i f f e r e n c e s  noted should  show 
g r e a t e r  p o t e n t i a l  f o r  i n t e r p r e t a t i o n  but  p r e s e n t  t h e o r i e s  f a l l  s h o r t  of provid ing  a 
u n i f i e d  p i c t u r e  capable  of e x p l a i n i n g  OK p r e d i c t i n g  c a t a l y s t  behavior .  

Although seemingly u n r e l a t e d , a l l  c a t a l y z e d  hydrogenat ions of carbon monoxide 
have under ly ing  s imilar i t ies  which sugges t  t h a t  a common r e a c t i o n  i n t e r m e d i a t e  may 

key i n t e r m e d i a t e  in t h e s e  r e a c t i o n s  and may r e p r e s e n t  a l i n k  i n  t h e i r  c h e m i s t r i e s .  
b be involved.  A s u r f a c e  oxymethylene (oxygen-coordinated formaldehyde) may be t h e  

\ H - C = O  
\ 

0 
I 

M + CO + H2 - M  + M'- M - M '  + CO + H2 

t 
M M + M  M ' + M  + CO + H20 

M ' + M  + C02 + H2 
'H 

1 

We have p r e v i o u s l y  p r o p o s e d ( l ) t h a t  t h e  metal c a t a l y z e d  r e a c t i o n s  of s y n t h e s i s  
g a s  proceed v i a  chemisorbed carbon monoxide r e a c t i n g  w i t h  hydrogen t o  y i e l d  an 

c = o  
I I  

methane ' /..----I 

M + CO + H2 - M M - M '  - methanol  2 

lL hydrocarbons 

oxygen coordfna ted  s p e c i e s .  This  oxymethylene i n t e r m e d i a t e  can be hydrogenated t o  
methane o r  can  undergo cha in  growth by r e a c t i o n  wi th  s i m i l a r  s p e c i e s ,  t h u s  generat-  

1 ing  s t r a i g h t  c h a i n  products  i n  an analogous manner t o  o t h e r  proposed t h e o r i e s ,  and 
would account  f o r  t h e  presence  of  oxygenated products .  One can e n v i s i o n  t h i s  bond- 
ing  scheme as a l lowing  m o b i l i t y  of "an oxide s u r f a c e  carbene". Bond s t r e n g t h s  of  
metal oxides  and t h e  oxida t ion- reduct ion  c y c l e  of t h e  metal s u r f a c e  are c r i t i c a l  
f a c t o r s  i n  de te rmining  product  c h a r a c t e r  and d i s t r i b u t i o n  ( F i g u r e  1). 
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T h i s  mechanism which i n t e g r a t e s  f e a t u r e s  of t h e  c a r b i d e  and c a r b e n o l  i n t e r -  
m e d i a t e  t h e o r i e s ( 2 )  h a s  been s u c c e s s f u l  in developing a new series of highly 
a c t i v e  Fischer-Tropsch (F-T) c a t a l y s t s .  

The r e v e r s i b i l i t y  between reduced and v a r i o u s  oxid ized  s t a t e s  of t h e  c a t a l y s t  
is an e s s e n t i a l  f e a t u r e  f o r  c a t a l y s t  a c t i v i t y  in t h e  Kolbel-Engelhardt  (K-E) 
s y n t h e s i s . ( 3 ) A c t i v e  c a t a l y s i s  demands some si tes which promote water-gas s h i f t  
a c t i v i t y  and o t h e r  s i tes  which g e n e r a t e  F-T i n t e r m e d i a t e s .  I t  seemed probable  t o  us 
t h a t  t h e  i n t e r a c t i o n  of t h e  water-gas s h i f t  i n t e r m e d i a t e s  wi th  F-T a c t i v e  metal  
s i t e s  could  e x p l a i n  exper imenta l  o b s e r v a t i o n s .  

Spec t roscopic  s t u d i e s  of z i n c  o x i d e ,  magnesia, a lumina,  and iron-chromia ca ta -  
l y s t s  s u g g e s t  t h a t  t h e  water-gas  s h i f t  r e a c t i o n  proceeds through s u r f a c e  metal for -  
mate s p e c i e s . ( 4 ) 0 t h e r  work on t h e  decomposi t ion of  metal  formates  is a l s o  
r e v e a l i n g .  Thei r  decomposi t ion is thought  t o  need vacant  s i tes t o  occur  and is 
enhanced by t h e  presence  of f o r e i g n  metal ions.(5)A b i c o o r d i n a t e d  s t r u c t u r e  can  be 
v i s u a l i z e d  which r e a c t s  by one of t h r e e  pathways. 

, H  
C' + H2 

I 0 -CO + H20 

H \ M '  M I \1/2(HCH + CO2 + H20) 
II 

3 r 

0 

I n  such decomposi t ions,  most i n t e r e s t  i n  t h e  l i t e r a t u r e  has  focussed upon t h e  
dehydrogenat ion and dehydra t ion  r e a c t i o n s  but  t h e  minor r e a c t i o n  which l e a d s  t o  t h e  
format ion  of  formaldehyde became t h e  c e n t e r  of our  a t t e n t i o n .  Although l i t t l e  d a t a  
on t h i s  byproduct and o t h e r  o r g a n i c s  a r e  a v a i l a b l e  and l i t t l e  is known about  t h e  
mechanism involved ,  a p p r e c i a b l e  amounts (- 10%) of formaldehyde a r e  formed i n  formic  
a c i d  decomposi t ions c a t a l y z e d  by t h o r i a ,  a lumina,  and z i n c  oxide .  (6) 

Mechanis t ic  s t u d i e s  a t  Brookhaven N a t i o n a l  Labora tory  (BNL.) i n d i c a t e  t h a t  t h e  
water-gas  s h i f t  formate i n t e r m e d i a t e  may be t h e  impor tan t  t r a n s f e r  agent  in t h e  
Kolbel-Engelhardt s y n t h e s i s  g e n e r a t i n g  t h e  s u r f a c e  oxymethylene i n t e r m e d i a t e  on a 
s e p a r a t e  "F-T" meta l  s i t e . ( f )  

0 - C - H  0- 0 ... CH2 
1 I I  I I I II 

I I 
R - H  M M 

M' 0 -- M' 0 - M '  0 4 

M' = s h i f t  s i t e  M = "F-T" metal s i t e  

As descr ibed  f o r  t h e  F-T r e a c t i o n  t h e  metal s i te  will determine  t h e  e v e n t u a l  
product  c h a r a c t e r  and d i s t r i b u t i o n  ( T a b l e  1) and may e x p l a i n  t h e  promoting e f f e c t s  
of  a l k a l i  meta ls  i n  F-T c a t a l y s i s ,  i .e . ,  enhanced formate formation.  
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Table  1 
The U s e  of Various Metals  f o r  t h e  Hydrogenation of Zinc Formate 

CuIZnO 11.7 t r a c e  
PtIA1203 11.5 t r a c e  
Pd / A 1  203 22.6 0 .1  
NiISiO2 t r a c e  8.9 
c o / s i o 2  0.1 14.8 
FeIA1203 t r a c e  2.4 

water  as s o l v e n t ,  500 p s i ,  H p ,  245°C. t = mole prodlmol M'  

The l i n k  between metal and metal oxide  c a t a l y z e d  r e a c t i o n  of carbon monoxide 
a r e  a l s o  t i e d  t o  t h e  formate t r a n s f e r  r e a c t i o n .  ( I n  g e n e r a l  metal oxide  syngas 
r e a c t i o n s  proceed v i a  similar r e a c t i o n  pa th  w i t h  methanol a s  t h e  main product . )  

The formaldehyde-formate r e l a t i o n s h i p  l e a d s  t o  a p l a u s i b l e  mechanism f o r  t h e  
formation of  methanol from s y n t h e s i s  gas .  I n  f a c t ,  t h e  h igh  y i e l d  of formaldehyde , ( - 2 5 % )  from t h e  decomposi t ion of z i n c  formate was a c t u a l l y  cons idered  as a commer- 
c i a l  s y n t h e t i c  p r e p a r a t i o n ,  bu t  was never  r e a l i z e d .  However, t h e  r e d u c t i o n  of t h e  
s u r f a c e  formaldehyde (oxymethylene) so produced was l i k e l y  t h e  c o r n e r s t o n e  of t h e  
e a r l i e s t  methanol s y n t h e s i s .  

i 0 
I1 a 2  

0 0 0 -CH .Y /co 
0 0  

I I I I 1  
M I +  co - + M ~ ~ z ! L M ~ ~ = L  M I +  M LCH~OH 

5 

A s  can be seen from t h i s  hypothes is ,  each of t h e  meta l  c e n t e r s  i n  a methanol c a t a -  
l y s t  w i l l  have a p a r t i c u l a r  f u n c t i o n .  One meta l  can  be thought  of a s  a formate  
c e n t e r ,  t h e  o t h e r  as a hydrogenat ing c e n t e r . T h i s  d e s c r i p t i o n  of t h e  r o l e  of formate  
has  been used a t  BNL t o  d e s i g n  new K-E and methanol c a t a l y s t s .  

F i n a l l y ,  t h e  oxymethylene s p e c i e s  may a l s o  be involved  i n  t h e  i n i t i a l  hydrocar-  
bons formed from methanol over  non-reducible  oxide c a t a l y s t s .  This  would i n c l u d e  
products  der ived  i n  t h e  i s o s y n t h e s i s ( 2 ) a s  w e l l  as t h e  z e o l i t e  c o n t r o l l e d  methanol  
convers ions . (*) In  both  c h e m i s t r i e s  t h e  format ion  of a carbenoid  s p e c i e s  from metha- 

, n o l  seems l i k e l y .  This  s p e c i e s  may be an oxymethylene formed on a n  a c i d  s i te .  A s  
mentioned ear l ier ,  t h e  oxide  s u r f a c e  would a l low m o b i l i t y  of t h e  carbene  (eq.6)  and 
r e a c t i o n  wih i t s e l f  o r  o t h e r  methanol molecules  would be expected t o  y i e l d  e t h y l e n e  
and dimethyl  e t h e r  r e s p e c t i v e l y .  Carbene a d d i t i o n  t o  t h e  double  bond of formed o l e -  
f i n s  can a l s o  occur .  This e x p l a n a t i o n  is c o n s i s t e n t  w i t h  r e c e n t  d e u t e r a t e d  water  
o b s e r v a t i o n s  i n  t h e  convers ion  of methanol  t o  e t h y l e n e ( 9 )  and is i n  accord with 
t h e  mechanis t ic  f i n d i n g s  of Chang.(g) 

' 

, 
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In summary, we have proposed t h a t  a common i n t e r m e d i a t e  bay be 'involved in many 
s y n t h e s i s  gas  and r e l a t e d  convers ions .  T h i s  oxymethylene moiety can be der ived 
d i r e c t l y  from carbon monoxide and hydrogen o v e r  a metal c a t a l y s t  o r  i n d i r e c t l y  from 
a formate i n t e r m e d i a t e  i n  r e a c t i o n  i n v o l v i n g  steam o r  on metal. ox ide  s u r f a c e s .  We 
b e l i e v e  t h a t  t h e  oxymethylene s p e c i e s  symbolizes  t h e  link between t h e s e  chemis t r ies  
and t h e  p o t e n t i a l  r o u t e  t o  deve loping  new s y n t h e s i s  gas  c a t a l y s t  systems.  
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M + C O + H z - M  M + M - M  
I 1  \ /  I 

, cH2 - CH2 - 
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,CH? %\ 
0 0 0 

M M +  M - M  M =  0 M 
I I II I I 

F igu re  1. The oxide  mechanism.(l)  
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INTERMEDIATES TO ETHYLENE GLYCOL: 
CARBONYLATION OF FORMALDEHYDE CATALYZED BY NAFIONa 
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INTROOUCTI ON 

Carbon monoxide and hydrogen can be conver ted  t o  e t h y l e n e  g l y c o l  by a 
v a r i e t y  o f  d i r e c t  and i n d i r e c t  rou tes .  
ceeding t h r o u g h  t h e  a c i d - c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde, u s i n g  a novel  
s t r o n g  a c i d  c a t a l y s t ,  N a f i o n  s o l i d  p e r f l u o r o s u l f o n i c  a c i d  res in .  The g l y c o l i c  
a c i d  product  o f  t h i s  c a r b o n y l a t i o n  may be e s t e r i f i e d  and then  hydrogenated t o  
y i e l d  e t h y l e n e  g l y c o l .  ene g l y c o l  

t hen  hyd ro l yzed  t o  y i e l d  e t h y l e n e  g l y c o l .  

T h i s  work e x p l o r e s  an i n d i r e c t  r o u t e  pro-  

E t h y l e n e  i s  p r e s e n t l y  t h e  feeds tock  f o r  e 
p roduc t i on ;  t h e  e t h y l e n e  i s  p a r t i a l l y  o x i d i z e d  t o  e t h y l e n e  ox ide,  tM wh ich  i s  

I n  t h i s  work, t h e  f o l l o w i n g  sequence o f  r e a c t i o n s  i s  env is ioned.  

CO + 2H2 + CH30H 

CH30H + 1/2 02 + CH20 + H20 

CH20 + CO + H20 + HOCH2C02H 

HOCHzCOzH + ROH + HOCHzC02R + H20 

HOCHzC02R + 2H2 + HOCH2CH20H + ROH 

Equat ions 3, 4, and 5 may be combined t o  y i e l d  e q u a t i o n  6, 

CH20 + CO + 2H2 + HOCHzCH20H 

and t h e  sum o f  equa t ions  1 - 5 i s  e q u a t i o n  7. 

2CO + 4H2 + 1/2 02 + HOCHzCH20H + H20 7) 

I n  t h i s  f f i yence ,  equa t ions  1 
methanol and for rna ldehyde(8c j  p r o d u c t i o n ,  r e s p e c t i v e l y .  Both a re  h i g h  volume 
chemicals  whose p r o d u c t i o n  techno logy  i s  we l l -deve loped .  The remain ing t r a n s f o r -  
m a t i o n  des i red ,  s t a r t i n g  w i th  formaldehyde, i s  shown as equa t ion  6. 
accomplished th rough  t h e  c a r b o n y l a t i o n  o f  formaldehyde t o  y i e l d  g l y c o l i c  ac id ,  as 
shown i n  equa t ion  3 ,  f o l l o w e d  by t h e  e s t e r i f i c a t i o n  o f  t h i s  ac id ,  equa t ion  4 ,  and 
t h e  hyd rogeno lys i s  o f  t h e  e s t e r  t o  e t h y l e n e  g l y c o l ,  equa t ion  5. 

n 2 a r e  t h e  conven t iona l  processes f o r  

Th is  i s  
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The ove ra l  
i n s t r u c t i v e  s i n c e  i t  
t h e  d i r e c t  s y n t h e s i s  

r e a c t i o n  f rom carbon monoxide and hydrogen, equa t ion  7 ,  i s  
r e v e a l s  t h a t  t h i s  process e s s e n t i a l l y  couples two r e a c t i o n s ,  
o f  e t h y l e n e  g l y c o l  f rom CO/H2, e q u a t i o n  8, 

and t h e  b u r n i n g  o f  hydrogen, equa t ion  9. 

H2 + 1 /2  02 -+ H20 9) 

While convers ion  t o  e t h y l e n e  g l y c o l  i s  s e v e r e l y  l i m i t e d  by t h e  u n f a v o r a b l e  thermo- 
dynamics o f  t h e  d i r e c t  syn thes i s ,  equa t ion  8, t h e  c o u p l i n g  o f  t h i s  r e a c t i o n  w i t h  
t h e  h i g h l y  exothermic equa t ion  9 r e s u l t s  i n  a sequence i n  which t h e  h igh-energy 
i n t e r m e d i a t e  formaldehyde may be q u a n t i t a t i v e l y  conver ted  t o  e t h y l e n e  g l y c o l  w i th  
no thermodynamic c o n s t r a i n t s .  

It i s  w e l l  known t h a t  s t r o n g  a c i d s  c a t a l y z e  t h e  c a r b o n y l a t i o n  o f  f o r m a l -  
dehyde t o  y i e l d  g l y c o l i c  ac id .  S o l i d  a c i d  c a t a l y s t s  f o r  t h i s  r e a c t i o n  have been 
e x p l o r e d  t o  some e x t e n t ,  b u t  t h e r e  i s  o n l y  a s i n g l e  example in t h e  p a t e n t  l i t e r a -  
t u r e  o f  c a t a l y s i s  by Nafiong. I n  t h i s  case, t h e  c a r b o n y l a t i o n  o ormaldehyde was 
c a r r i e d  o u t  i n  a c e t i c  a c i d  s o l v e n t  t o  y i e l d  a c e t y l g l y c o l i c  ac id . f2 f  The p resen t  
work s i g n i f i c a n t l y  extends t h e  r e a c t i o n  c h e m i s t r y  a c c e s s i b l e  w i th  t h i s  novel  a c i d  
c a t a l y s t .  

RESULTS AND DISCUSSION 

"Nafion-H" Resin.a There a r e  seve ra l  p r o p e r t i e s  o f  DuPont's "Nafion-H" 
p e r f l u o r o s u l f o n i c  a c i d  r e s i n  which make i t  an i d e a l  cand ida te  f o r  t h e  s t r o n g  a c i d -  
c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde. F i r s t ,  i t i s  a superac id;  i.e., s t r o n g e r  
i n  i n t r i n s i c  a c i d i t y  t han  100% s u l f u r i c  ac id .  The r e s i n  i s  a copolymer o f  t e t r a -  
f l u o r e t h y l e n e  and p e r f l u o r o - 3 ,  6-d ioxa-4-methy l -7-octensul fon ic  ac id ,  r e s u l t i n g  i n  
a s t r u c t u r e :  

-(CFz-CF2), - CF2 - CF - 
I 
0 
I 
y 2  

y 2  

y 2  

CF - CF3 

0 
I 
I 

S03H 

a''Nafion-H" i s  a collvenien: n o t a t i o n  t o  i n d i c a t e  t h e  a c i d  form o f  t h i s  i o n  
exchange r e s i n .  N a f i o n  i s  a r e g i s t e r e d  t rademark o f  DuPont. 
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By analogy,  one m igh t  expect  t h e  r e s i n  t o  be n e a r l y  as a c i d i c  as t r i f l u o r o m e t h a n e  
s u l f o n i c  a c i d ,  CF SO H. 
A l C l  .HC1. DuPont s t a t e s  t h a t  t h e r e  
shouyd be no problem w i th  d e t e r i o r a t i o n  below 175', and t h e i r  s a f e t y  da ta  show 
s i g n i f i c a n t  decomposi t ion o n l y  abov e3f7O0. 
s t a b l e  and use fu l  t o  a t  l e a s t  220". T h i r d ,  t h e  r e s i n  i s  s w e l l e d  by p o l a r  
o r g a n i c  s o l v e n t s ,  a l l o w i n g  r e a c t a n t s  t o  d i f f u s e  i n t o  t h e  r e s i n  granules.  Th is  
makes t h e  i n t e r i o r  a c i d  s i t e s  a v a i l a b l e ,  as w e l l  as t h e  a c i d  s i t e s  on t h e  c a t a l y s t  
sur face.  
i o n  exchange w i t h  e.g., Fe3+. 
by t h e  same techn ique  used t o  p repare  t h e  a c i d  fo rm o f  t h e  r e s i n .  
be p repared  i n  a range o f  e q u i v a l e n t  we igh ts  from 1000 t o  1800 t o  f i t  s p e c i f i c  
needs, and o f f e r s  a l l  t h e  c l a s s i c  advantages o f  a s o l i d  c a t a l y s t  i n  t h e  ease o f  
s e p a r a t i o n  o f  products .  

The c h o i c e  o f  a s o l v e n t  t o  use w i t h  Naf ion-H i s  n o n t r i v i a l .  
p o l a r  o r g a n i c  s o l v e n t s  a r e  d e s i r e d  because t h e y  s w e l l  t h e  r e s i n .  
u s e f u l  b u t  i s  n o t  i n e r t  i n  t h e  r e a c t i o n s  s t u d i e d  here. Water and a l c o h o l s  are 
found t o  decrease t h e  a c t i v i t y  o f  t h e  c a t a l y s t  when p resen t  i n  excess. E the rs  
such as glyme or d ig l yme were found n o t  t o  be i n e r t  under r e a c t i o n  cond 
w h i l e  THF i s  known t o  be po lymer i zed  ove r  Naf ion-H a t  room temperature.  
ever ,  p-d ioxane was found t o  y i e l d  no GC-observable decomposi t ion p roduc ts  when 
heated a t  150' f o r  3 hours ove r  t h e  Naf ion-H r e s i n ,  and was used i n  most o f  t h e  
exper iments r e p o r t e d  here. 

d ioxane s o l v e n t ,  g l y c o l i c  a c i d  i s  presumably t h e  p roduc t  o f  formaldehyde carbonyl -  
a t i o n ,  as i n  e q u a t i o n  3. The most e x t e n s i v e  s e r i e s  o f  exper iments was done us ing  
these  r e a c t a n t s .  The s e r i e s  o f  exper imen ts  shown i n  Tab le  I i l l u s t r a t e s  seve ra l  
aspects  o f  t h i s  r e a c t i o n .  F i r s t ,  t h e  r e a c t i o n  occurs r e a d i l y  under t h e s e  condi -  
t i o n s ,  g i v i n g  r o u t i n e  y i e l d s  o f  ca. 70% a t  150". The f i r s t  two exper iments may be 
compared t o  see t h a t  t h e  r e a c t i o n  remains i n c o m p l e t e  even a f t e r  3 hours a t  130°, 
i n d i c a t i n g  a s u b s t a n t i a l  t empera tu re  e f f e c t  i n  t h i s  range. 
p r i m a r i l y  t o  t e s t  t h e  d u r a b i l i t y  o f  t h e  Naf ion-H c a t a l y s t  d u r i n g  these  f i v e  reac-  
t i o n s .  The same Naf ion-H c a t a l y s t  was used i n  each o f  these r e a c t i o n s ,  and was 
o n l y  r i n s e d  w i t h  d ioxane and sucked d r y  on a f i l t e r  between reac t i ons .  The y i e l d  
o f  g l y c o l i c  a c i d  does i ndeed  s t a y  c o n s t a n t  a t  150", w i t h  o n l y  a s l i g h t  unexpla ined 
d i p  i n  t h e  f o u r t h  r e a c t i o n ,  i n d i c a t i n g  t h a t  t h e  Naf ion-H d i d  m a i n t a i n  i t s  
c a t a l y t i c  a c t i v i t y  t h rough  a l l  t h e  r e a c t i o n s .  A d i f f e r e n t  measure o f  t h i s  
c a t a l y t i c  a c t i v i t y  i s  t h e  e q u i v a l e n t  we igh t  o f  t h e  r e s i n  b e f o r e  and a f t e r  t h e  
se r ies .  The i n i t i a l  e q u i v a l e n t  w e i g h t  was 1282 g/ e q u i v a l e n t ,  and a f t e r w a r d s  was 
1315 g /equ iva len t ,  a decrease i n  a v a i l a b l e  a c i d i t y  o f  l e s s  than t h r e e  percent .  
T h i s  cou ld  conce ivab ly  be accounted f o r  by washout o f  monomer d u r i n g  t h e  f i r s t  
r e a c t i o n .  

DuPont c l a i m s  t h a t  i t s  a c i d i t y  is o f  t h e  same o rde r  as 
Secona, ?he r e s i n  i s  t h e r m a l l y  v e r y  s tab le .  

Others have found t h e  m a t e r i a l  t o  be 

Fur thermore,  t h e  r e s i n  i s  c h e m i c a l l y  i n e r t ,  be ing  d e a c t i v a t e d  o n l y  by 
Such d e a c t i v a t e d  c a t a l y s t s  a r e  r e a d i l y  regenerated 

The r e s i n  can 

As s ta ted ,  
A c e t i c  a c i d  i s  

C a r b o n y l a t i o n  i n  t h e  Presence o f  Water. W i t h  water  p resen t  i n  t h e  

The s e r i e s  was r u n  

A number o f  r e a c t i o n s  were r u n  i n  o r d e r  t o  determine t h e  e f f e c t  o f  
carbon monoxide p ressu re  on t h e  y i e l d  o f  g l y c o l i c  a c i d  i n  t h i s  system. 
r e s u l t s  a r e  shown i n  Table 11. W i t h  t h e  o t h e r  r e a c t i o n  c o n d i t i o n s  cons tan t ,  t h e  
y i e l d  d i d  i n c r e a s e  from 50% t o  80% upon i n c r e a s i n g  t h e  p ressu re  from 1500 p s i  t o  
4500 psi .  
h i g h e r  y i e l d s ,  t h e  da ta  shou ld  n o t  be i n t e r p r e t e d  as showing t h a t  h i g h  p ressu res  
a r e  r e q u i r e d  f o r  h i g h  y i e l d s .  The equipment used here was a r o c k i n g  au toc lave ,  
and more e f f i c i e n t  s t i r r i n g  may w e l l  enhance t h e  e f f i c i e n c y  o f  t h e  r e a c t i o n .  

One r e a c t i o n  was done w i t h  a m i x t u r e  o f  hydrogen and carbon monoxide t o  
v e r i f y  t h a t  t h e  presence of  hydrogen would have no e f f e c t  on t h e  yie!d. T h i s  run 
i s  a l s o  shown i n  Table 11. The y i e l d ,  73%, i s  s l i g h t l y  h ighe r  than  i n  comparable 
runs w i t h o u t  hydrogen, b u t  no s i g n i f i c a n c e  i s  a t tached  t o  t h l s .  

The 

Whi le  t h i s  does i n d i c a t e  t h a t  i n c r e a s i n g  t h e  p ressu re  o f  CO r e s u l t s  i n  

I n  t h e  presence 
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O f  t h i s  Nafion-H a c i d  c a t a l y s t  t h e  hydrogen i s  expected t o  a c t  o n l y  as a d i l u e n t ,  
r e q u i r i n g  p r o p o r t i o n a t e l y  h i g h e r  t o t a l  p ressu res  t o  ach ieve  t h e  same carbon 
monoxide p a r t i a l  p ressu re  as i n  t h e  absence o f  t h e  hydrogen. 

system was a l s o  explored.  These data a r e  shown i n  Table 111-1. The amount Of 
formaldehyde i n  these runs was reduced so t h a t  t h e  i n i t i a l  mole r a t i o  of Water t o  
Na f ion -H  cou ld  be v a r i e d  and h e l d  app rox ima te l y  c o n s t a n t  d u r i n g  a run, w i t h o u t  
b e i n g  a f f e c t e d  by t h e  r e a c t i o n .  
expected t o  change t h e  e f f e c t i v e  a c i d i t y  of t h e  Nafion-H, which would i n  t u r n  
a f f e c t  t h e  y i e l d  i n  a q i v e n  t ime.  The r e a c t i o n  M i t h  t h e  most wa te r  p resen t ,  a 
2 0 : l  r a t i o  o f  H20 t o  H , d i d  n o t  r e s u l t  i n  complete convers ion  o f  t h e  formalde-  
hyde. Decreasing t h e  r a t i o  r e s u l t s  i n  an optimum y i e l d  a t  a 5 : l  r a t i o  of wa te r  t o  
ac id .  Decreasing t h e  r a t i o  s t i l l  f u r t h e r  t o  2 : l  and even 1:l s u r p r i s i n g l y  r e s u l t s  
i n  a cons tan t  y i e l d  o f  about  50% g l y c o l i c  a c i d  (ana lyzed  as methy l  g l y c o l a t e  a f t e r  
conve rs ion  t o  t h e  e s t e r ) .  Such y i e l d s  i n  t h e  presence o f  o n l y  h a l f  as much wa te r  
as formaldehyde r a i s e  t h e  q u e s t i o n  o f  whether  g l y c o l i c  a c i d  i s  t r u l y  t h e  r e a c t i o n  
p roduc t ,  o r  whether dehydrated forms o f  g l y c o l i c  a c i d  such as t h e  c y c l i c  d imer  
g l y c o l i d e ,  F i g u r e  l a ,  o r  o l i gomers ,  F igu re  l b ,  m i g h t  n o t  be t h e  a c t u a l  products .  

The e f f e c t  o f  water  on t h e  y i e l d  of g l y c o l i c  a c i d  i n  t h i s  r e a c t i o n  

Th is  mo la r  r a t i o  o f  wa te r  t o  Naf ion-H was 

0 

FIGURE l a .  Format ion o f  G l y c o l i d e  

i 
H0 0 

n H O C H 2 q  e H(-OCH2C + OH + (n-1)  H20 
OH n 

FIGURE l b .  Formation o f  G l y c o l i c  Ac id  Oligomers 

, An i n d i c a t i o n  t h a t  t hese  dehydrated forms of g l y c o l i c  a c i d  a r e  t h e  a c t u a l  p roduc ts  
under  these  r e a c t i o n  c o n d i t i o n s  was gained from a s e m i - q u a n t i t a t i v e  GC a n a l y s i s  of 
t hese  r e a c t i o n  s o l u t i o n s  f o r  water. T h i s  a n a l y s i s  showed t h a t  a l l  t h e  water  i n i -  
t i a l l y  added t o  t h e  r e a c t i o n  s o l u t i o n  was s t i l l  p resen t  i n  s o l u t i o n  a t  t h e  end of 
t h e  r e a c t i o n ,  and consequen t l y  c o u l d  n o t  be combined as g l y c o l i c  ac id .  A r e a c t i o n  
w i t h  no water  added was i n c l u d e d  i n  an e a r l i e r  s e r i e s ,  shown i n  Table 111-2. 
These t h r e e  r e a c t i o n s  a l s o  i n d i c a t e  t h a t  t h e r e  i s  an optimum wa te r  t o  a c i d  r a t i o ,  
but a y i e l d  o f  even 25% w i t h  no water  added i s  somewhat su rp r i sdng .  
da ta  demonstrate t h a t  t o o  nuch water  i n  t h e  r e a c t i o n  s o l u t i o n  reduces formaldehyde 

A l l  t hese  
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conversion and concomitantly g lyco l i c  acid y i e l d ,  b u t  t he  r e s u l t s  a t  the lower 
l eve l s  of water a r e  l e s s  d e f i n i t i v e .  

The preceding data show t h a t  i n  t hese  reac t ions  the conversion of 
formaldehyde i s  complete, or near ly  so,  while t h e  y i e l d  of g lycol ic  acid i s  always 
subs t an t i a l ly  l e s s  than quan t i t a t ive .  
reaction. 
on the suspected by-products and t h e i r  mode of formation can be made. 

dehyde with i t s e l f ,  ins tead  of t h e  des i red  acid-catalyzed reaction w i t h  carbon 
monoxide. On s ch reac t ion  i s  t h e  formation of methyl formate from 
formaldehyde,PsaY equation 10, 

There a r e  obviously by-products i n  t h i s  
This subjec t  has not been ex tens ive ly  inves t iga ted ,  but some comments 

The most l i k e l y  s i d e  reac t ion  i s  the  acid-catalyzed reaction of formal- 

2 CH20 + HCO2CH3 10) 

but no evidence has been found t o  support t h i s .  
catalyzed condensation of formaldehyde t o  polyhydroxy aldehydes, equation 11. 

Another p o s s i b i l i t y  i s  the  acid- 

( n  t 1)  CH20 + H-[CH(OH)],-CHO 

This reaction would be s imi l a r  in stoichiometry t o  the  formose reac t ion , (5)  the 
base catalyzed condensation of formaldehyde t o  sugars and a mixture of polyhydroxy 
aldehydes. The so lu t ions  a f t e r  reac t ion  were varying shades of brown, and the 
Nafion-H sometimes turned a dark brown or  even black, e spec ia l ly  when the  reaction 
contained l i t t l e  water or was exposed t o  h i g h  temperatures. 
of the acid-catalyzed carboniza t ion  of sugars ,  equation 12. 

T h i s  i s  reminiscent 

I f  these  ideas about t h e  na ture  of the byproducts a r e  co r rec t ,  then one 
approach t o  suppress t h e  condensation of t he  formaldehyde would be t o  chemically 
separa te  the  formaldehyde monomers with a so lvent  or a n  added component. 
Nafion-H, a s  a strong ac id ,  rap id ly  ca ta lyzes  polymerization of formaldehyde t o  
polyoxymethylene (paraformaldehyde), a a t a lyzes  the  corresponding depolymeri- 
za t ion  a t  higher temperatures a s  well. 
i n t e rac t ion  i s  needed t o  sepa ra t e  t h e  formaldehyde monomers while permitt ing the 
carbonylation t o  proceed. 

a c i d ,  equation 14), t o  form t h e  unstable methylene glycol e s t e r ; (6c )  and 
analogously with g lyco l i c  ac id ,  equation 15. 

The 

Therefore,  a r eve r s ib l e  chemical 

Examples of such in t e rac t ions  t o  f o r  s t ab le  adducts 
are reaction with water,  equation 13, t o  form methylene g lycol ;  IP6U with ace t i c  



Other  i n v e s t i g a t o r s  have d i s c l o s e d  t h e  use o f  a c e t i c  a c i d  as 
a c e t y l g l y c o l i c  ac id ,  e q u a t i o n  16, us ing  a Naf ion-H c a t a l y s t . ( ' )  I n  t h e  s u l f u r i c  

s o l v e n t  t o  y i e l d  

CH3C02H + CH20 + CO + CH3C02CH2C02H16) 

a c i d  ca ta l yzed  r e  t r l j i o n ,  g l y c o l i c  a c i d  has been d i s c l o s e d  as a u s e f u l  s o l v e n t  f o r  
enhancing y i e l d s .  However, data ob ta ined  i n  t h i s  s tudy and shown i n  
Tables I V - 1  and I V - 2  i n d i c a t e  t h a t  an equimolar  amount o f  a c e t i c  a c i d  has no 
e f f e c t  i n  t h i s  r e a c t i o n .  I n  t h e  absence o f  wa te r  t h e  a c e t i c  a c i d  a c t u a l l y  de- 
creases t h e  y i e l d .  
t h e  y i e l d  o f  g l y c o l i c  a c i d  f rom formaldehyde. The reason f o r  t h i s  decrease i n  
y i e l d  i s  n o t  r e a d i l y  apparent. 

has a number o f  aspects  which make it an a t t r a c t i v e  i n t e r m e d i a t e  r e a c t i o n  i n  a 
process f o r  e t h y l e n e  g l y c o l  p repara t i on .  
as f o l l o w s :  

G l y c o l i c  a c i d ,  whether added wet o r  dehydrated,  a l s o  decreases 

T h i s  Naf ion-H c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde i n  d ioxane/water  

A summary o f  t h e s e  f a v o r a b l e  aspects  i s  

1. The Naf ion-H s o l i d  a c i d  c a t a l y s t  i s  e a s i l y  separa ted  from t h e  reac- 
t i o n  p roduc ts ,  a c l a s s i c  advantage o f  heterogeneous c a t a l y s t s .  

2. As demonstrated by o the rs ,  s o l i d  a c i d  s i n s  s i m i l a r  t o  Naf ion-H 
appear t o  be v i  r t u a l  l y  non-corros ive.  ($7 

3. The c a t a l y s t  i s  t h e r m a l l y  s t a b l e ,  has shown no l o s s  o f  a c t i v i t y  w i t h  
use, and i s  e a s i l y  regenerable i f  necessary, e.g., due t o  contamina- 
t i o n  w i t h  o t h e r  ca t i ons .  P o l a r  s o l v e n t s  s w e l l  t h e  c a t a l y s t ,  which 
a l l o w s  u t i l i z a t i o n  o f  i n t e r i o r  a c i d  s i t e s .  

4. The a c i d  c a t a l y s t  r e t a i n s  i t s  a c t i v i t y  i n  t h e  presence o f  substan- 
t i a l  amounts o f  water; t h e r e f o r e ,  d r y  formaldehyde (as t r i o x a n e  o r  
paraformaldehyde)  i s  n o t  requ i red .  

d i l u e n t  f o r  t h e  carbon monoxide. The c a t a l y s t  has no a c t i v i t y  f o r  
t h e  undes i red  r e d u c t i o n  o f  formaldehyde t o  methanol. 
s y n t h e s i s  gas c o u l d  be used w i t h o u t  s e p a r a t i o n  3r t h e  carbon 
monoxide c o u l d  be concen t ra ted  b e f o r e  use, and t h e  separated 
hydrogen subsequent ly  used f o r  h y d r o g e n o l y s i s  o f  t h e  g l y c o l i c  a c i d  
es te r .  

5. The r e a c t i o n  i s  n o t  a f f e c t e d  by hydrogen, which a c t s  o n l y  as a 

Consequently, 

6. The r e a c t i o n  proceeds under reasonable c o n d i t i o n s  o f  temperature and 

7. The g l y c o l i c  a c i d  p roduc t  i s  s t a b l e  t o  f u r t h e r  reac t i on .  

8. The d ioxane s o l v e n t  appears i n e r t  under r e a c t i o n  c o n d i t i o n s .  

Carbony la t i on  i n  E s t e r  Solvents .  

pressure.  

The a c i d - c a t a l y z e d  c a r b o n y l a t i o n  o f  
cussed above, equa t ion  17, w i t h  aS $5 e q u a t i o n  19. 

formaldehyde has been c a r r i e d  ou t  w i t h  wa te r  
a c e t i c  ac id ,  equa t ion  18, and w i t h  methanol,( 

H20 + CHzO + CO + HOCH2C02H 17) 
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C H 3 0 H  + CH20  t CO + HOCH2C02CH3 19) 

The r e a c t i o n  w i t h  a c e t i c  a c i d  as s o l v e n t  i s  r e p o r t e d  t o  be e f f i c i e n t  and s p e c i f i c ,  
b u t  t h e  a c e t y l g l y c o l i c  a c i d  p r o d u c t  must be hyd ro l yzed  and then  e s t e r i f i e d  before 
i t  can be hydrogenated t o  e t h y l e n e  g l y c o l .  The r e a c t i o n  w i t h  methanol as so lvent  
would be i d e a l  i f  i t  y i e l d e d  o n l y  t h e  methy l  e s t e r .  However, s u b s t a n t i a l  y i e l d s  
o f  a l koxy  a c i d s  and t h e i r  e s t e r s  a r e  a l s o  i n v a r i a b l y  produced i n  t h e  presence o f  
a l coho ls .  These may be hydrogenated t o  g l y c o l  e the rs ,  u s e f u l  as so l ven ts ,  bu t  
cannot  serve as i n t e r m e d i a t e s  t o  e t h y l e n e  g l y c o l .  

The r e a c t i o n  u s i n g  an e s t e r  as s o l v e n t ,  e.g. methy l  a c e t a t e  i n  equa- 
t i o n  20, 'appears n o t  t o  have been r e p o r t e d  before.  

CH3C02CH3 + CH20  + CO + C H ~ C O Z C H ~ C O ~ C H ~  

The product  o f  t h e  r e a c t i o n  w i t h  an e s t e r ,  i n  t h i s  case methy l  a c e t y l g l y c o l a t e ,  
can be t r a n s e s t e r i f i e d ,  e.g. w i t h  methanol as i n  e q u a t i o n  21 t o  y i e l d  methyl 
g l y c o l a t e  and regenera te  m e t h y l  acetate.  

CH3C02CH2C02CH3 + CH30H + CH3COzCH3 + HOCH2C02CH3 

The methyl a c e t a t e  can then  be  separa ted  and t h e  me thy l  g l y c o l a t e  hydrogenated t o  
e t h y l e n e  g l y c o l .  

shown i n  Table V-1. It may be  seen from t h e  f i r s t  r e a c t i o n  t h a t  t h e  y i e l d  o f  
me thy l  a c e t y l g l y c o l a t e ,  i n t e r m e d i a t e  t o  e t h y l e n e  g l y c o l ,  i s  over  60%, b u t  the re  i s  
a l s o  some p r o d u c t i o n  o f  methy l  methoxyacetate,  15% i n  t h i s  case. I n  t h e  a n a l y s i s  
o f  t h e  r e a c t i o n  p r o d u c t s  f rom t h i s  r u n  i t  was no ted  t h a t  some a c e t i c  a c i d  was 
formed, presumably f rom t h e  me thy l  acetate.  The second r e a c t i o n  demonstrates t h a t  
add ing  a smal l  amount o f  a c e t i c  a c i d  a t  t h e  beg inn ing  o f  t h e  r e a c t i o n  does n o t  
a f f e c t  t h e  y i e l d s  o f  t h e  two p roduc ts .  
t h e  r e a c t i o n  has a p ro found  e f f e c t ,  however, as shown i n  t h e  t h i r d  reac t i on .  Th is  
may be because t h e  formaldehyde i s  conver ted  t o  m e t h y l a l ,  (MeO) CH2, by t h e  added 
methanol. A l l  t h e  formaldehyde n o t  accounted f o r  i n  t h e  produces was recovered as 
me thy la l .  A d d i t i o n  o f  wa te r  a t  t h e  beg inn ing  o f  t h e  r e a c t i o n  a l s o  decreases t h e  
y i e l d  o f  methy l  a c e t y l g l y c o l a t e ,  and r e s u l t s  i n  t h e  f o r m a t i o n  o f  some f r e e  ac ids,  
n o t a b l y  me thoxyace t i c  ac id .  

Methy l  f o rma te  was a l s o  t e s t e d  as an e s t e r  s o l v e n t ,  w i th  t y p i c a l  r e s u l t s  
shown as t h e  f i r s t  r e a c t i o n  i n  Tab le  V-2. The main r e a c t i o n  p roduc t  expected here 
i s  methy l  f o r m y l g l y c o l a t e ,  HC02CH2C0 CH3, b u t  methy l  g l y c o l a t e ,  p o s s i b l y  de r i ved  
from the  former p roduc t  by decarbony?at ion,  i s  a l s o  found. 
i s  formed i n  even g r e a t e r  y i e l d  t h a n  w i t h  me thy l  a c e t a t e  as so l ven t .  

no  CO p ressu re  needs t o  be a p p l i e d ,  as t h e  second r e a c t i o n  i n  Tab le  V-2  conf i rms.  
The methyl formate presumably a c t s  a s ' a  source o f  CO, and t h e  o v e r a l l  r e a c t i o n  i n  
equa t ion  22 r e s u l t s .  

Some formaldehyde c a r b o n y l a t i o n s  u s i n g  methy l  a c e t a t e  as s o l v e n t  a re  

A d d i t i o n  o f  methanol a t  t h e  beg inn ing  o f  

Methy l  methoxyacetate 

A un ique aspect  o f  t h e  r e a c t i o n s  u s i n g  methy l  f o rma te  as s o l v e n t  i s  t h a t  
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I 

T h i s  r e a c t i o n  has been i n v e s t i g a t e d  by o t h e r s  u s i n g  , d i f f e r e n t  s t r o n g  acids. 

e s t e r  so l ven ts ,  b u t  no t  w i th  complete s e l e c t i v i t y  t o  i n t e r m e d i a t e s  t o  e t h y l e n e  
g l y c o l .  
e t h y l e n e  g l y c o l  and g l y c o l  e thers.  

focus was on i n t e r m e d i a t e s  t o  e t h y l e n e  g l y c o l ,  a v o i d i n g  t h e  a l koxy  e s t e r s  o r  a c i d s  
wh ich  can be produced as byproducts. 
however, s i n c e  they  can be hydrogenated t o  g l y c o l  e the rs ,  which a r e  a r t i c l e s  o f  
commerce and a re  u s e f u l  as so lvents .  Consequently, some r e a c t i o n s  were run  t o  
determine i f  me thy la l  c o u l d  be c a r b o n y l a t e d  t o  methy l  methoxyacetate e f f i c i e n t l y  
and s e l e c t i v e l y  ove r  Naf ion-H r e s i n ,  as i n  e q u a t i o n  23. 

The. c a r b o n y l a t i o n  of formaldehyde u s i n g  Naf ion-H r e s i n  does proceed i n  

The r e a c t i o n  m igh t  n e v e r t h e l e s s  be i n t e r e s t i n g  as a means o f  coproducing 

Reac t ions  o f  M e t h y l a l .  I n  t h e  p reced ing  work u s i n g  e s t e r  s o l v e n t s  t h e  

These a l koxy  e s t e r s  o r  a c i d s  do have va lue,  

CH30CH20CH3 t CO + CH30CH2C02CH3 23) 

The r e s u l t s  are shown i n  Table V I .  The f i r s t  r e a c t i o n  was c a r r i e d  ou t  i n  d ioxane 
s o l v e n t  and r e s u l t e d  i n  o n l y  modest y i e l d s  of  b o t h  methy l  methoxyacetate and 
methy l  g l y c o l a t e .  Using a mixed methanol /d ioxane (50:50) s o l v e n t  r e s u l t e d  i n  no 
r e a c t i o n  a t  a l l .  When methy l  a c e t a t e  was used as t h e  s o l v e n t  though, a good y i e l d  
o f  b o t h  methy l  methoxyacetate and methy l  a c e t y l  g l y c o l a t e  r e s u l t e d ;  t h e  former 
was n o t  produced s e l e c t i v e l y .  

f u r t h e r  r e a c t i o n  i n  t h i s  c a t a l y s t  system, o r  i f  i t  can be me thy la ted  by t h e  
Naf ion-H t o  form methy l  methoxyacetate. 
t h i s  p o s s i b i l i t y .  Methy l  g l y c o l a t e  was r e a c t e d  i n  a mixed methanol /d ioxane 
s o l v e n t  (10/40 by volume) ove r  t h e  Naf ion-H r e s i n  u s i n g  s tandard  r e a c t i o n  condi- 
t i o n s .  No methy l  methoxyacetate was found i n  t h e  r e a c t i o n  s o l u t i o n ,  and t h e  
methy l  g l y c o l a t e  was recove red  q u a n t i t a t i v e l y .  

me thy l  methoxyacetate,  e s p e c i a l l y  i n  e s t e r  so l ven ts ,  b u t  t h e  r e a c t i o n  i s  n o t  
s e l e c t i v e  and r e s u l t s  i n  s u b s t a n t i a l  amounts o f  i n t e r m e d i a t e s  t o  e thy lene  g l y c o l  
as w e l l .  

Aspects o f  t h e  Mechanism. The a c i d - c a t a l y z e d  r e a c t i o n  o rmaldehyde 
w i th  carbon monoxide belongs t o  t h e  c l a s s  known as Koch r e a c t i o n s .  f l a7  The Koch 
r e a c t i o n  u s u a l l y  r e f e r s  t o  t h e  r e a c t i o n  o f  an o l e f i n  wi th  carbon monoxide, as 
e x e m p l i f i e d  by t h e  r e a c t i o n  o f  i sobu tene  w i t h  CO and water, equa t ion  24, t o  
p roduc t  p i  v a l  i c ac id.  

There c o u l d  be some q u e s t i o n  ove r  whether  methy l  g l y c o l a t e  i s  i n e r t  t o  

One r e a c t i o n  was r u n  i n  o r d e r  t o  t e s t  

These r e s u l t s  i n d i c a t e  t h a t  m e t h y l a l  can be c a r b o n y l a t e d  e f f i c i e n t l y  t o  

CH3, 
C = CH2 + CO + H20& (CH3)3CC02H 

/ 
CH3 

The f i r s t  s tep  i n  a Koch r e a c t i o n  i s  f o rma t ion  o f  a carbonium i o n  from 
t h e  s u b s t r a t e  and t h e  a c i d  c a t a l y s t .  
t o  form a more s t a b l e  a c y l i u m  ion. T h i s  f i n a l l y  r e a c t s  w i t h  water  t o  fo rm t h e  

The carbonium i o n  t h e n  adds carbon monoxide 
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f r e e  ac id ,  o r  w i t h  an a l c o h o l  t o  fo rm an e s t e r .  
i s :  

The r e a c t i o n  w i t h  formaldehyde 

0 
0 = CH2 + Ht a H°CH2 

I 

H20 
HOCH2C//O e- 

0 \ 
OH 

+ H+ 

The ease w i t h  which. t h e  Koch r e a c t i o n  t a k e s  p l a c e  depends on how e a s i l y  t h e  sub- 
s t r a t e  i s  protonated.  P r o t o n a t i o n  o f  formaldehyde r e q u i r e s  a s g ac id ;  some 
d a t a  on t h e  p r o t o n  a f f i n i t y  o f  formaldehyde have been obta ined.  IW 
EXPERIMENTAL 

M a t e r i a l s :  G l y c o l i c  a c i d  was o b t a i n e d  as wet c r y s t a l s  ( A l d r i c h )  o r  70% 
It was ana lyzed  by t i t r a t i o n  w i t h  0.1 M NaOH 
The "Na f ion "  501 p e r f l u o r o s u l f o n i c  a c i a  r e s i n  

aqueous s o m f a l t z  ti Bauer). 
u s i n g  a p h e n o l p h t h a l e i n  i n d i c a t o r .  
was o b t a i n e d  as a sample f rom t h e  P l a s t i c  P roduc ts  D i v i s i o n  o f  DuPont. Th i s  
m a t e r i a l  c0nsist.s o f  g r a n u l e s  n o m i n a l l y  0.2 t o  0.5 mm i n  d iameter ,  and has an 
e q u i v a l e n t  we igh t  o f  about  1200. I t  was r e c e i v e d  as t h e  potass ium s u l f o n a t e  and 
was conver ted  t o  t h e  a c i d  form and analyzed e s s e n t i a l l y  as recommended by 
DuPont. Convers ion t o  t h e  a c i d  fo rm i s  ach ieved  by soaking t h e  r e s i n  about f i v e  
t i m e s  i n  4 M HC1, a l l o w i n g  t ime  f o r  exchange and wi th  s u p e r f i c i a l  washing with 
d i s t i l l e d  wa te r  between HC1 t rea tmen ts .  T h i s  i s  f o l l o w e d  by washing w i t h  
d i s t i l l e d  wa te r  u n t i l  t h e  washings show a n e u t r a l  pH, a f t e r  wh ich  t h e  m a t e r i a l  i s  
d r i e d  i n  a vacuum oven o v e r n i g h t  a t  about 110'. The Naf ion-H was s t o r e d  i n  sealed 
j a r s  or i n  a d e s i c c a t o r  as i t  can absorb a p p r e c i a b l e  amounts o f  water  f rom t h e  
a i r .  A n a l y s i s  o f  t h e  a c i d  fo rm was c a r r i e d  o u t  by soak ing  t h e  r e s i n  i n  water  w i t h  
an excess o f  sodium c h l o r i d e ,  and t i t r a t i n g  t h e  l i b e r a t e d  HC1 w i t h  0.1 M NaOH. 
Dioxane was d r i e d  by r e f l u x i n g  ove r  c a l c i u m  h y d r i d e  f o l l o w e d  by d i s t i l l T t i o n .  A l l  
o t h e r  m a t e r i a l s  were reagen t  grade and used as received.  

React ions:  The r e a c t i o n s  w i th  carbon monoxide were c a r r i e d  o u t  i n  a 
300 cc r o c k i n g  au toc lave  equipped w i t h  a g l a s s  l i n e r ,  wh ich  con ta ined  50 cc o f  
r e a c t i o n  s o l u t i o n  ove r  t h e  Nafion-H. Carbon monoxide was i n t r o d u c e d  b e f o r e  
h e a t i n g .  The s t a r t i n g  t i m e  o f  t h e  r e a c t i o n  was taken  as t h e  t i m e  t h e  au toc lave  
reached temperature ( a f t e r  app rox ima te l y  30 m inu tes )  and t h e  a u t o c l a v e  was a l l owed  
t o  c o o l  and rock  o v e r n i g h t  a f t e r  t h e  hea t  was t u r n e d  o f f  a t  t h e  end o f  t h e  reac-  
t i o n  t ime.  Formaldehyde was added as t r i o x a n e ,  t h e  c y c l i c  t r i m e r ;  89, o r  4 
mequiv  Naf ion-H was used i n  each run, and -50 m l  o f  e - d i o x a n e  was used as so lvent .  

chromatography u s i n g  peak area i n t e g r a t i o n  and a hexadecane i n t e r n a l  s tandard.  
S i n c e  g l y c o l i c  a c i d  gave poor  s e n s i t i v i t y  and r e p r o d u c i b i l i t y ,  t h i s  p roduc t  was 
a n a l y z e d  as methy l  g l y c o l a t e  by r e f l u x i n g  t h e  e n t i r e  r e a c t i o n  s o l u t i o n ,  i n c l u d i n g  
t h e  Nafion-H, w i t h  an excess of methanol  b e f o r e  GC a n a l y s i s .  A s e m i - q u a n t i t a t i v e  
e s t i m a t e  o f  t h e  un reac ted  formaldehyde c o u l d  be  made th rough  a n a l y s i s  o f  t h e  
m e t h y l a l  r e s u l t i n g  f rom r e a c t i o n  o f  methanol  w i t h  t h e  formaldehyde. These 
ana lyses  used a 6 '  x 1 /8 "  Carbowax 20 M column, programming f rom 80" t o  225' a t  

A n a l y s i s  o f  Reac t ion  P r o d u c t s :  A n a l y s i s  o f  t h e  p roduc ts  was by gas 
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2"/inin. A b lank run,  s u b s t i t u t i n g  a known amount o f  g l y c o l i c  a c i d  f o r  
formaldehyde, v e r i f i e d  t h e  u t i l i t y  o f  t h i s  a n a l y s i s  f o r  g l y c o l i c  ac id .  
r e a c t i o n  (mole r a t i o s :  g l y c o l i c  a c i d ,  10: wa te r ,  3.5: Nafion-H, 1; 150°, 3h, 
PCO = 2500 psi ') '  r e s u l t e d  i n  a n a l y s i s  f o r  96% o f  t h e  added g l y c o l i c  ac id .  T h i s  
r e s u l t  a l s o  i n d i c a t e s  t h a t  t h e  g l y c o l i c  a c i d ,  once formed, i s  i n e r t  t o  f u r t h e r  
r e a c t i o n  under these c o n d i t i o n s .  
which f u r t h e r  c a r h o n y l a t i o n  t o  mal 

The 

T h i s  i s  i n  c o n t r a s t  t o  a c a t a l y s t  system i n  
a c i d  f o l l o w e d  by d e c a r b o x y l a t i o n  t o  a c e t i c  

a c i d  proved t o  be a ma jo r  problem. Pm 
Prepara t i ons :  

(1) Methyl g l y c o l a t e ,  HOCH2C0 CH3, (MG), was prepared by thermal  reac-  
t i o n  between d e h y d r a 1 f g ) g l y c o l i c  a c i d  an$ excess methanol a t  210" f o r  10 hours i n  
a r o c k i n g  autoclave. The g l y c o l i c  acif lyps dehydrated i n  a r o t a r y  evapora to r  
by r a i s i n g  t h e  tempera tu re  s l o w l y  t o  180". ,,Mej&\ g l y c o l a t e  was d i s t i l l e d  
under vacuum (22 mn, 61") b.p. 150°, lit. 151.1 . 
d r a t e d  g l y c o l i c  a c i d  w i t h  excess a c e t i c  a c i d  lOi a t  200". TP$byroduct was r e -  
c r y s t a l l i z e d  from e t h e r / t o l u e n e .  m . ~ .  63-65"; lit. 66-68O. 

Methyl a c e t y l g l y c o l a t e ,  CH3C02CH C02CH3, (MAG) ,  was prepared by 
r e a c t i o n  o f  methyl g l y c o l a t e  w i t h  a c e t y l  c h l o r i 8 e  i n  methy l  a c e t a t e  so l ven t .  
p roduc t  was d i s t i l l e d  under vacuum; b.p. 82-83O a t  22 mm. 

r e f l u x i n g  commerc ia l ly  o b t a i n e d  me thoxyace t i c  a c i d  w i t h  a 
Naf ion-H and d i s t i l l i n g  t h e  p roduc t ;  b.p. 128", l i t  1 3 1 ~ . 7 ~ ' ~ f  

(2) A c e t y l g l y c o l i c  a c i d ,  CH3C02CH2C0 H, was prepared by h e a t i n g  dehy- 

(3)  
The 

( 4 )  Methyl methoxyacetate,  CH30CH2C02CH3 ? (MMAc), was prepared by 
x ess o f  methanol ove r  
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TABLE 1 

CARBONYLATION OF FORMALOEHYOE TO GLYCOLIC ACID 
OURABlLlTY TEST USING THE SAME NAFION-H CATALYSTa 

U n r e a c t e d  Y i e l d  
Tempera ture  Formaldehyde G l y c o l i c  A c i d  

130 3 h 2600 292 381 
150 3 h 2 7 0 0  5z 63% 
150 5 h 2600  42 681 
150 5 h 2700 6Z 56Z 
150 5 h 2700 41 69% 

'Ho le  r a t i o s :  H ~ O .  IO: C H ~ O .  IO: H'. 1. 
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TABLE I 1  

CARBONYLATION OF FORMALDEHYDE TO GLYCOLIC ACID. 
DEPENDENCE OF YIELD ON CARBON MONOXIDE 

PRESSURE, AND A REACTION IN THE PRESENCE OF  HYDROGEN^ 

Y i e l d  
pco ( p s i g )  G l y c o l i c  A c i d  

1500 
2500 
4600 

48% 
61% 
79% 

Time 

5 h  
5 h  
3 h  

3000b 73% 3 h  

aMole r a t i o s :  H20, 10: CH20, 10: H+, 1; Temperature 150+"C. 

bThe gas used was 4000 p s i  o f  25:75 H2:C0. 

TABLE I 1 1  

CARBONYLATION OF FORMALDEHYDE TO GLYCOLIC A C I D .  
DEPENDENCE OF YIELD ON H,O/H+  RATIO^ 

MOLE RATIOS 

H20 : CH20 : H+ - - - 
1. 20 2 1 

10 2 1 
5 2 1 
2 2 1 

2. 20 10 1 
10 10 1 
0 10 1 

Y i e l d  
G l y c o l i c  A c i d  

36zb 
44% 
57% 
49% 
48% 

61% 
72% 
25% 

- - - -  

aTime, 3h; PCO, 2500 p s i ;  Temperature 15O+Oc 

bIncompl e t e  c o n v e r s i o n  



TABLE I V - I  

EFFECT OF ADDED ACETIC  ACID^ 

Y i e l d  
H+ G l y c o l i c  A c i d  - - H20 : CH20 : - AcOH : - 

-- 10 10 1 
l o  -- 10 1 
10 10 10 1 

7 2% 
40% 
71% 

aTime, 3h; Temperature, 150+"C; Pco, 2500 p s i  

TABLE IV-2 

EFFECT OF ADDED GLYCOLIC ACID 

I n i t i a l  Y i e l d  
Time Pco HOCH2C02H : H20 : CH20 : Ht G l y c o l i c  Ac ida 

2 h 2500 11 4 12 1 40% 
3 h 4000 12 ( -8 Ib 10 1 13% 

-- - - - 

a Y i e l d  = ( t o t a l  y i e l d  - amount added)/moles CH20; Temperature, 15Ot"C 

bThe i n i t i a l  added g l y c o l i c  a c i d  was 66% dehydrated,  
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TABLE V - 1  

CARBONYLATION OF FORMALDEHYDE I N  METHYL  ACETATE^ 
CH3C02Me + CH20 f CO + 

CH3C02CH2C02Me (MAG) and MeOCH2C02Me (MMAc) 

Added 
Component 

-_ 
A c e t i c  

Ac id  

Methanol 

Water 

%YIELDS 

Added 
Comp/CH20 MMAc Notes - MAG - - 

-- 6 1  15 b 

1 63 13 

2 18 23 C 

1 3 1  1 8  d 

aTime, 3h; Temperature, 150'; Pco, 2500 p s i ;  Mole r a t i o s :  
H+, 1. 

CH20, 10: 

b A c e t i c  a c i d  found  i n  r e a c t i o n  products .  

'Methylal y i e l d  was 58%. 

dAlso s u b s t a n t i a l  y i e l d s  o f  methy l  g l y c o l a t e  (18%) and methoxyacet ic  
a c i d ,  CH30CH2C02H. Time = 0.5 h. 

TABLE V-2 

CARBONYLATION OF FORMALDEHYDE I N  METHYL FORMATE 

HC02Me f CH20 + CO + 

HC02CH2C02Me (MFG), HOCH2C02Me (MG), and MeOCH2C02Me (MMAc) 

96 YIELDS 

MG MMAc Notes - - M FG 

11 11 3 1  a 
5 17 21 b 

- 

aTemperature, 150°, Pco, 2500 p s i ;  Time 3h. 

bNo CO added, b = f200 p s i ;  Temperature, 150'; Time, 5h. 
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TABLE V I  

CARBONYLATION OF METHYLAL TO 
MeOCH2C02Me (MMAc) , HOCH2C02Me (MG) , and CH3C02CH2C02Me (MAG)a 

Sol ven t  

d ioxane 

% YIELDS 

MAG - MMAc - MG - 
20 17 n o t  a p roduc t  

ne thano l /d ioxane ,  0 0 n o t  a p roduc t  
50:50 

methy l  a c e t a t e  49 t r a c e  39 

aTime, 3h; Temperature 150"; PCo, 2500 p s i ;  Mole r a t i o s :  (Me0)2CH2, 
10: H', 1. 

/ 
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INTRODUCTION 

In  the present work, the r e a c t i v i t y  and s e l e c t i v i t y  o f  var ious t-phosphine 
r h o d i m  complex hydroformylat ion c a t a l y s t s  are c o r r e l a t e d  w i t h  t h e i r  s t ruc tu res .  Such 
a study i s  of p a r t i c u l a r  i n t e r e s t  a t  t h i s  t ime  because t h e r e  has been a r a p i d  com- 
merc ia l  development i n  t h i s  area du r ing  t h e  l a s t  10 years and because t h e  s t r u c t u r e  of 
t he  c a t a l y s t  complexes can now be wel l  cha rac te r i zed  by nuc lear  magnetic resonance 
spectroscopy (NMR) under simulated hydroformyl a t i o n  condi t ions.  

Known t r iphenylphosphine r h o d i m  carbonyl hydr ide and novel, more stab1 e 
a l ky ld ipheny l  phosphine r h o d i m  carbonyl hyd r ide  complexes were p a r t i c u l a r l y  i n v e s t i -  
gated i n  t h i s  study. The c a t a l y s t  behavior o f  var ious a lky ld iphenylphosphine rhodium 
carbonyl hydrides was s tud ied  as a f u n c t i o n  o f  s u b s t i t u t i o n  and branching o f  t h e  a l k y l  
groups. As a r e s u l t  o f  t h i s  work rhodium complexes o f  a lky ld iphenylphosphine were 
recognized as p o t e n t i a l l y  h i g h l y  a t t r a c t i v e  c a t a l y s t  candidates o f  increased s t a b i l i t y  
f o r  continuous hydroformylat ion. 

It should be r e c a l l e d  t h a t  t he  t r iphenylphosphine r h o d i m  carbonyl hydr ide 
(Ph3P complex) c a t a l y s t  system was discovered by Professor Wilkinson and coworkers i n  
t h e  l a t e  1960's as a l o w  pressure, l o w  temperature c a t a l y s t  f o r  t h e  s e l e c t i v e  hydro- 
fo rmy la t i on  o f  1 -o le f i ns  t o  produce n-aldehydes (1). P r u e t t  and Smith a t  Union Carbide 
Carp., and the Wilkinson group a t  Imper ia l  College found i n  the  same pe r iod  t h a t  t h e  
s e l e c t i v i t y  o f  Wi lk inson 's  c a t a l y s t  t o  n-aldehydes was g r e a t l y  increased by t h e  
a d d i t i o n  o f  excess Ph3P l igand,  espec ia l l y  a t  low CO p a r t i a l  pressures(2). The d i s -  
covery o f  these e f f e c t s  resu l ted  i n  t h e  commercial development by Union Carbide and 
Davy McKee o f  a low pressure propylene hydroformylat ion process based on a c a t a l y s t  
system con ta in ing  the  t r is -phosphine complex and excess t r iphenylphosphine 1 igand 

The 
gaseous propylene, H and reactants  are cont inuously  in t roduced i n t o  a we l l  s t i r r e d  
s o l u t i o n  o f  the c a t a f y s t  w h i l e  a vapor m ix tu re  o f  unreacted reac tan ts  and products  i s  
be ing f lashed off (F igure 1). The r a t i o  o f  normal versus iso-butyra ldehyde products  i n  
such an operat ion i s  high, i n  excess of ten. For an e f f e c t i v e  removal o f  h igh b o i l i n g  
aldehyde products i n  such a process, increased reac t i on  temperatures a re  obv ious l y  
advantageous. 

We have p rev ious l y  repor ted on our work r e l a t i n g  t o  t h e  mechanisms o f  tri- 
phenylphosphine r h o d i m  complex cata lyzed hydroformylat ions (6,7,8). We pos tu la ted  
t h a t ,  i n  s e l e c t i v e  I - n - o l e f i n  hydroformylat ion t o  n-aldehydes, t he  t r i s - ( t r i p h e n y l -  
phosphine) r h o d i m  carbonyl hydr ide complex i s  t h e  s t a b l e  precursor  o f  t he  r e a c t i v e  
t r a n s - b i s  phosphine species. This pos tu la te  i s  based on c o r r e l a t i n g  the  data on 
e q u i l i b r i a  among var ious PhjP-Rh complexes w i t h  hydroformylat ion r a t e s  and selec- 
t i v i  t i e s .  

The s t r u c t u r e s  of t he  var ious PhjP-Rh complexes and t h e i r  e q u i l i b r i a  were 
determined v ia  NMR i n  the  presence of vary ing amounts of excess Ph3P and under d i f -  
f e r e n t  CO p a r t i a l  pressures. Studies of hydroformyl a t i o n  c a t a l y s i s  were c a r r i e d  out  
main ly  us ing 1-butene as a reactant  f o r  t h e  s e l e c t i v e  product ion o f  n-valeraldehyde a t  
temperatures i n  excess o f  100°C. 

I n  the  present  work, t he  c a t a l y t i c  and s t r u c t u r a l  s tud ies  were extended t o  
var ious tris-(alkyldiphenylphosphine) r h o d i m  carbonyl hyd r ide  complexes and r e l a t e d  
c a t a l y s t s  (Ph2PR complexes). The Prev ious ly  descr ibed experimental methods were used 

(3.4,5). 
The commercial rhodium hydroformyl a t i o n  process operates a t  about 100°C. 
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( 6 ) .  Although t h e  use o f  these c a t a l y s t s  was found t o  r e q u i r e  h ighe r  temperatures than 
t h a t  o f  the Ph3P complex c a t a l y s t s ,  h igh  s e l e c t i v i t i e s  toward valeraldehydes, p a r t i -  
c u l a r l y  t he  n-isomer, could be mainta ined coupled w i t h  an increase i n  c a t a l y s t  sta- 
b i l i t y .  I n  t h i s  presentation, 
c o r r e l a t i o n s  o f  c a t a l y s t  s t r u c t u r e  and a c t i v i t y  a re  emphasized. 

Using 1-butene ins tead  o f  propylene i n  t h i s  l a h o r a t o r y  a l lowed an add i t i ona l  
i n s i g h t  i n t o  t h e  r e a c t i o n  mechanism s ince  i somer i za t i on  s ide  reac t i ons  producing 2- 
butenes could be a l so  r e a d i l y  s tud ied :  

D e t a i l s  o f  t h e  work a re  descr ibed i n  Exxon pa ten ts  (9). 

CO/H CH3CH2CH2CH2CH0 (n-) t CH3CH2CH(CH3) CHO ( i - )  

CH3CH=CHCH3 ( c i s -  8 t r ans - )  t CH~CHZCH~CH~ -% 
CH3CH2CH=CH2 -- - -2- 

H2 

In  con t ras t  t o  the  voluminous, p r i o r  patent  l i t e r a t u r e ,  t h e  present batch hydrofor- 
my la t i on  s tud ies  inc luded n o t  on l y  t h e  determinat ion o f  t h e  normal t o  i s 0  ( n / i )  r a t i o  
o f  t h e  aldehyde products but t h e  p a r a f f i n  hydrogenation and i n t e r n a l  o l e f i n  isomeri- 
z a t i o n  by-products as well .  A l i m i t e d  study o f  continuous hydroformylat ion,  v ia  a 
continuous product f l a s h - o f f  operat ion,  was a l s o  made. 

RFSULTS AND DISIIJSSION 

In con t ras t  t o  Ph3P. complexes, Ph PR complexes were genera l l y  n o t  considered 
f o r  hydroformylat ion ca ta l ys l s .  For  exarnp?e, propyl diphenyl phosphine, a Ph3P degra- 
da t i on  product dur ing continuous propylene hydroformylat ion,  was main ly  regarded as a 
c a t a l y s t  m o d i f i e r  r a t h e r  than as a c a t a l y s t  l i g a n d  on i t s  own (10-12). In t h e  present 
work, the s t r u c t u r e  and c a t a l y t i c  a c t i v i t y  o f  Ph2PR complexes was s tud ied  i n  d e t a i l  and 
compared w i t h  those o f  t h e  corresponding Ph3P complexes. 

Most o f  t h e  Ph PR s tud ies  t o  be discussed were c a r r i e d  out w i t h  
Ph2PyH2CH2C(CH3)3 and Ph2Pdi CH2Si (CH ) 3  hecause they r e a d i l y  prov ided c r y s t a l l i n e  
rhodium carbonyl hydr ide comp?exes. d e n  an excess o f  these l i gands  was reacted w i th  
e thano l i c  s o l u t i o n s  o f  rhodium d icarhonyl  acety l  acetonate and then hydrogen a t  ambient 
temperature , the  corresponding t r i s -phosph ine  complexes were formed a s  pure 
c r y s t a l l i n e  p r e c i p i t a t e s .  The f o l l o w i n g  o v e r a l l  r e a c t i o n  took p lace 

3 Ph2PR + Acac Rh(CO), + H2 - (Ph2PR)3Rh(CO)H t Acactl t rO 

The same r e a c t i o n  occurred when o t h e r  a l k y l  diphenyl phosphines were used. However, most 
o f  t h e  products separated as o i l s .  

Most of t he  a l ky ld ipheny l  phosphine reac tan ts  used were prepared i n  our 
laboratory .  The p re fe r red  displacement approach t o  these compounds invo lved  the re- 
a c t i o n  o f  l i t h i u n  diphenylphosphide w i t h  t h e  approp r ia te  a l k y l  c h l o r i d e s  i n  te t rahydro-  
furan, e.g. 

Ph2PLi t C l  CH2CH2C(CH3)3 - Ph2PCH2CH2C(CH3)3 

The a d d i t i o n  approach u t i l i z e d  t h e  f r e e  r a d i c a l  cha in  a d d i t i o n  o f  d iphenyl  phosphine t o  
t h e  corresponding o l e f i n s .  The a d d i t i o n s  were i n i t i t a t e d  by i r r a d i a t i o n  w i t h  broad 
s p e c t r m  u l t r a v i o l e t  1 i g h t  and p r e f e r a b l y  employed a c t i v a t e d  o l e f i n i c  reac tan ts  a t  a 
r e a c t i o n  temperature o f  about 15', e.g. 

PhZPH t CH2=CHSi( CH3)3 - Ph2PCH2CH2Si( CH3)3 

On changing t h e  s t r u c t u r e  o f  t he  a l k y l  group o f  t h e  Ph2PR l igands,  major 
changes i n  c a t a l y s t  a c t i v i t y  were observed, p r i m a r i l y  due t o  s t e r i c  crowding. Ster ic  
crowding a f f e c t e d  t h e  s t r u c t u r e  and s t a b i l i t y  o f  t he  Ph7PR complexes formed. The 
s t r u c t u r e  of t h e  c a t a l y s t  complexes, i n  tu rn ,  determined r e a l t i v i t y  and s e l e c t i v i t y .  

A1 1 t h e  f i nd ings  i n c l u d i n g  hydrocarbon by-product formation, could be corre- 
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l a t e d  w i t h  changing e q u i l i b r i a  between the c a t a l y s t  complexes present i n  hyd ro fo r -  . 
mylat ion systems and w i t h  the  s t e r i c  and e l e c t r o n i c  e f f e c t s  o f  l i gands  On such e q u i l i -  
b r i a .  These e q u i l i b r i a  and t h e  c r i t i c a l  r e a c t i o n  steps are shown by t h e  o u t l i n e  of an 
o v e r a l l  mechanist ic scheme i n  Figure 2. 

According t o  the f igure,  c o o r d i n a t i v e l y  sa tu ra ted  a l ky ld ia ry lphosph ine  
r h o d i m  complexes o f  vary ing carbonylat ion degrees are the  main components of such 
hydroformylat ion c a t a l y s t  systems. Upon r e v e r s i b l e  d i ssoc ia t i on ,  these un reac t i ve  

i n  turn,  w i t h  CO and H2 t o  prov ide the normal and i s 0  aldehyde products, w i t h  t h e  re- 
generation o f  t he  ca ta l ys t .  

I 
1 complexes generate c o o r d i n a t i v e l y  unsaturated species which r e a c t  w i t h  t h e  o l e f i n  and 

I 

1. Studies o f  Cata lyst  Complex S t ruc tu res  and E q u i l i b r i a  by NMR 

I n  comparative NMR s tud ies,  f i r s t  t h e  s t r u c t u r e  and s t a b i l i t y  o f  Ph PR and 
Ph3P complexes were compared. Di f ferences i n  t h e  behavior o f  s p e c i f i c  Ph2PR j i g a n d s  
were a lso s tud ied t o  asce r ta in  e l e c t r o n i c  and s t e r i c  i n f l uences  of s u b s t i t u t i n g  t h e  R 
a1 k y l  groups. 

Ligand exchange s tud ies  o f  t he  t r i s - P h  P complex u s i n g  s t e r i c a l l y  non-crowded 
Ph2PR reactants  genera l l y  showed subs tan t i a l  reac\ion : 

I 
(Ph3P)3Rh(CO)H t 3 Ph2PR - (PhzPR)3Rh(CO)H t 3 Ph3P 

' - .  
! The more bas ic  Ph2PR l i g a n d  formed a more s t a b l e  complex than Ph P. 

temperature range was about 3. 
Ligand exchange between complexed and f r e e  phosphine 1 igands a l s o  occurred, 

took place v ia  coo rd ina t i ve l y  unsaturated t r a n s - b i  s-phosphine r h o d i m  carbonyl hyd r ide  
in termediates : 

I n  t h e  above re-  
1 act ion,  t he  r a t i o  o f  complexed Ph2PCH2CH2C(CH3)3 t o  complexed Ph3b i n  the  -60 t o  + 35' 

> i n  a r e v e r s i b l e  manner, when the re  was on ly  one phosphine present. Such an exchange 

D issoc ia t i on  

As soc i a t  i on 
(PhZPR)3Rh(CO)H f n PhZPR - (PhZPR)zRh(CO)H t (n+l)PhZPR 

Since the e q u i l i b r i a  s t rong ly  favor  the c o o r d i n a t i v e l y  sa tu ra ted  t r i s -phosph ine  com- 
plexes, only the  NMR spectra o f  these species could be detected. However, t he  r a t e  o f  
l i g a n d  d i s s o c i a t i o n  could be determined by l i n e  shape 

The q u a l i t a t i v e  aspects o f  the comparative '?P NMR l i g a n d  exchange s tud ies  o f  
e Ph2PCH2CH2C(CH3)3, Ph3P and Ph2PCH2CH Si(CH )3 complex systems a re  i n d i c a t e d  by the  

"P spectra i n  Figures 3a and b. A t  -f?O°C, $he t y p i c a l  doublet  s ignal  o f  t h e  t r i s -  
phosphine complexes p lus s i n g l e t  s igna ls  o f  t h e  f r e e  phosphines were observed f o r  a l l  
t h r e e  systems. However, t h e  doublet  s igna l  o f  t h e  Ph2PR t y p e  complexes remained sharp 
a t  35" w h i l e  t h e  Ph3P complex e x h i b i t e d  a broad doublet. S i m i l a r l y ,  t h e  Ph2PR complex 
s t i l l  showed a very broad doublet  a t  60' where t h e  doublet  o f  t h e  Ph P complex had 
a l ready col lapsed. Fur ther  increases i n  the  l i g a n d  exchange rates,  3resul ted i n  a 
s i n g l e  composite s igna ls  for t h e  Ph3P and Ph2PR systems a t  90' and 120'. respec t i ve l y .  

Clear ly  h igher  temperatures i n  the  Ph PR complex systems were necessary t o  
reach l i g a n d  exchange r a t e s  comparable t o  t h a t  o f  t h e  Ph3P complex. Since t h e  increase 
i n  l i gand  exchange r a t e  p a r a l l e l s  t h a t  o f  complex d i s s o c i a t i o n  t o  y i e l d  c o o r d i n a t i v e l y  
unsaturated species, these data i n d i c a t e  t h a t  i n  t h e  PhZPR complex systems a comparable 
generat ion o f  such r e a c t i v e  species occurs a t  h ighe r  temperatures. This suggests t h a t  
t o  achieve comparable hydroformyl a t i o n  rates,  h ighe r  temperatures a re  needed when com- 
plexes of Ph2PR are used i n  place of Ph3P. On t h e  o t h e r  hand, a t  t he  h igher  tempera- 
tu res ,  t h e  PhePR complexes a re  more s t a b l e  than t h e  Ph3P complex. 

I n  view o f  recent  suggestions. o f  a p o t e n t i a l  CO d i s s o c i a t i o n  from t h e  t r i s -  
Ph3P complex t o  generate hydr ide species l ead ing  t o  n-aldehyde products (13, 14), 
l i g a n d  exchange was a l so  s tud ied  by 13C NMR. For these s tud ies.  13cO enr iched t r i s -  

a l yses  o f  t h e  s ignals .  
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phosphine complexes were used. Such complexes could be r e a d i l y  de r '  ed by r e a c t i n g  the 
corresponding te t rak is-phosphine r h o d i m  hydr ide complexes w i t h  "13 a t  atmospheric 
pressure. For example, t h e  f o l l o w i n g  sequence o f  reac t i ons  was ca r r i ed  out  w i th  
Ph2PCH$HzC( CH3)3 and Ph2PCH2CH2Si (CH3)3 : 

Na BH4 1 3 ~ 0  
4 Ph2PR + RhC13 - (Ph2PR)4RhH (Ph2PR )3Rh (' 3CO)H 

The f i r s t  r e a c t i o n  t o  form t h e  te t rak is-phosphine r h o d i m  hyd r ide  was c a r r i e d  ou t  i n  10 
minutes i n  r e f l u x i n g  ethanol  s o l u t i o n  i n  a manner repor ted f&r t he  Ph3P d e r i v a t i v e  
( ! 5 ) .  CO a t  room temperature 
e i t h e r  i n  to luene s o l u t i o n  or e t  no1 suspension. 

Va r iab le  temperature "C NMR s tud ies  o f  t r i s -phosph ine  monocarbonyl hyd r ide  
complexes are i l l u s t r a t e d  by F igu re  4. The spect ra i n d i c a t e  t h a t  a t  -30", t h e  
cdmplex has t h e  expected s t ruc tu re .  The double qua r te t  s igna ls  o f  t h e  complexed "2'0 
show coupl ing t o  one rhodium and t h r e e  phosphine l igands. A t  increased temperatures up 
t o  l l O ° C ,  t h i s  s igna l  o f  t h e  Ph3P complex co l lapsed i n t o  doublets. That was the  con- 
I5quence o f  t h e  exchange o f  t h e  phosphine l i g  s. 

However, f r e e  '%O cou ld  be detected I n  t h i s  system a t  
14OOC when f r e  

The f3C0 NMR s tud ies  show t h a t  t he  CO l i g a n d  o f  these t r is -phosphine mono- 
carbonyl hydr ide complexes i s  ve ry  s t r o n g l y  bound. Dur ing hydroformylat ion,  carbonyl 
f ree  phosphine rhodi  um hydr ide compl exes are n o t  present, except under non-equi 1 i b r i  um 
CO s ta rva t i on  condi t ions.  The main reac t i on  i n  these systems i s  always phosphine 
r a t h e r  than CO dissoc iat ion.  Proton NMR s tud ies  o f  t he  hyd r ide  reg ion o f  t e t r a k i s -  
phosphine rhodium hydr ides were known(l6). The d i s s o c i a t i o n  d-toluene s o l u t i o n s  o f  
t h r e e  te t rak is-phosphine rhodium hyd r ldes  was s tud ied  by jlP NMR l i g a n d  exchange 
methods i n  t h e  presence o f  excess phosphine l i gands  i n  t h e  present work. 

The r e s u l t i n g  c r y s t a l l i n e  hyd r ide  could be reac ted  w i t h  

Rhodium coup l i ng  remained s ince no 
CO d i s s o c i a t i o n  occurred. 

t r i p h e n y l  phosphine l i g a n d  was used as the  so l ven t  (P/Rh = 260). 

(R3P)4RhH + 5R3P (R3P)3RhH + 6 R3P 

R3P = Ph3P. Ph2PCH2CH2C( CH3)3 and Ph2PCH2CH2Si( CH3)3 

I n  general, i t was found t h a t  s i g n i f i c a n t  l i g a n d  exchange o f  these hydr ides occurred a t  
much lower temperatures than those observed f o r  t h e  corresponding carbonyl hydrides. 
The doublet s igna l  of t he  te t rak is- t r iphenylphosphine r h o d i m  hyd r ide  co l lapsed a -30' 
w h i l e  the corresponding Ph2PR complexes gave broad s i n g l e t  s igna ls  f o r  complexed ' l P  a t  
about + 20". Thus i t  was found PhZPR l i gands  are more s t rong ly  complexed than Ph3P i n  
carbonyl f r e e  rhodium hydr ides as wel l .  

The increase i n  hydrogenation and i somer i za t i on  s ide  reac t i ons  d u r i n g  1- 
butene hydroformylat ion under 0 s t a r v a t i o n  cond f t fons  can be expla ined by t h e  f o r -  
mat ion of carbonyl f ree r h o d i m  hyd r ide  complexes. Tetrakis-tr lphenylphosphine rhodium 
hyd r ide  i s  a known hydrogenation c a t a l y s t  (16). I n  t h e  present  work, i t  was found t o  
be an e f fec t i ve  1-butene i somer i za t i on  c a t a l y s t  even a t  0'. I t s  l o w  temperature 
c a t a l y t i c  a c t i v i t y  i s  a t t r i b u t e d  t o  i t s  f a c i l e  d i s s o c i a t i o n  t o  prov ide t h e  co r res -  
ponding h igh l y  r e a c t i v e  t r i s -phosph ine  r h o d i m  hydride. 

A t  increased CO p a r t i a l  pressure, t r i s -phosph ine  rhodium carbonyl hydr ides 
are converted t o  the  corresponding t rans -b i  s-phosphine dicarhonyl hydr ides v i  a t h e  
f o l  1 owing equi 1 i b r i  um r e a c t i o n s  : 

(R3P)3Rh(CO)H -L (R3P)pRh(CO)H C- (R3P)pRh(C0)2H 
R3P CO 

R3P = Ph3P, Ph2PCH2CH2C(CH3)3, Ph2PCH2CH2Si ( CH3)3 

Complexes of P S P  and Ph2PR t y p e  l i gands  showed s i m i l a r  e q u i l i b r i a  between mono- and 
d i ca rbony l  hydr ide complexes. 
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Increased concentrat ions o f  excess phosphine l i g a n d  e f f e c t i v e l y  reduced t h e  
amount o f  dicarbonyl hydr ide formed. This i s  i l l u s t r a t e d  by F igure 5. The f i g u r e  
shows t h a t ,  i n  t h e  absence o f  a s i g n i f i c a n t  excess o f  t h e  Ph PR t ype  l igand,  conversion 
t o  the  dicarbonyl hydr ide i s  e s s e n t i a l l y  complete under about 200 kPa pressure o f  1 t o  
1 H2/C0. However, a t  a f i v e - f o l d  excess o f  Ph PR (P/Rh r a t i o  o f  15/1) t he  r a t i o  o f  
d icarbonyl  t o  monocarbonyl complex i s  on l y  about f t o  3. 

In the  case o f  bis-phosphine d icarbonyl  hyd r ide  complexes, t h e  r e l a t i v e  d i s -  
s o c i a t i o n  ra tes  o f  phosphine and carbonyl l i gands  were a l s o  s tud ied  by NMR: 

CO t (Ph3P)pRh(M))H =(Ph3P)2Rh(C0)2H S Ph3PRh(C0)2H t Ph3P 

A 1% s o l u t i o n  o f  t he  bis-Ph P complex p lus excess Ph P t o  p rov ide  a P@I r a t i o  o f  9 
were used f o r  t he  study. h i s  s o l u t i o n  was prepared under 400kpa H2/ CO pressure, 
from t h e  tetrakis-Ph3P complex which was l a r g e l y  converted t o  t h e  des i red  bis-phosphine 
r h o d i m  dicarbonyl hydride. Var iab le temperature NW s tud ies  i n d i c a t e d  r e v e r s i b l e  CO 
and phosphine l i g a n d  d i ssoc ia t i on .  

ctrum o f  t he  r e s u l t i n g  s o l u t i o n  
showed the expec d double t r i p l e t  f o r  t he  complexed "C0 l i g a n d  as we l l  as t h e  s i n g l e t  
s igna l  o f  f r e e  "CO. A t  t 35O, the  fir$ s t r u c t u r e  o f  t he  complexed CO disappeared. 
Also, t he  s igna ls  of complexed and f r e e  considerably  broadened as a consequence o f  
CO exchange. A t  90°C. only one, broad '%O s igna l  was obta ined due t o  f u r t h e r  i n -  
creased l i g a n d  exchange rates.  

S im i la r  v a r i a b l e  temperature 31P NMR s tud ies  showed r e v e r s i b l e  phosphine 
l i g a n d  d i ssoc ia t i on .  However, a f r e e  versus bound Ph3P r a t i o  much below t h e  expected 
va lue was found a t  low temperature. This suggests t h e  presence o f  u n i d e n t i f i e d  rhodium 
complex species undergoing r a p i d  l i g a n d  exchange. 

When 1 - o l e f i n s  are hydroformylated under c o n d i t i o n s  where t h e  d icarbonyl  
hydr ide predominates i n  the  above t ype  of system, t h e  n / i  r a t i o  o f  aldehyde products  i s  
g r e a t l y  decreased but  s t i l l  remains above two. It i s  be l i eved  t h a t  most o f  t h e  e- 
maining preference o f  such c a t a l y s t  systems f o r  producing n-aldehydes i s  due t o  "CO 
d i s s o c i a t i o n  t o  prov ide t h e  trans-bis-phosphine monocarbonyl hyd r ide  i n te rmed ia te  o f  
1 i near h yd ro f o rmyl a t  i on. 

The e l e c t r o n i c  e f f e c t s  on the  p r o p e r t i e s  o f  tris-Ph2PR r h o d i m  carbonyl 
hydr ide c a t a l y s t  complexes were s tud ied by s u b s t i t u t i n g  groups o f  va ry ing  e l e c t r o -  
p h i l i c i t y  on the  6-carbons of t h e  a l k y l  groups o f  t h e i r  l i g a n d  The b a s i c i t i e s  o f  
some of these l i gands  of general formula Ph2PCH2CH2R' and t h e i r  "P NMR parameters o f  
t h e i r  complexes a r e  shown by Table I. 

The data o f  t h e  t a b l e  i n d i c a t e  t h a t  by app rop r ia te  e lec t ronega t i ve  6- 
subs t i t uen ts  the  proton b a s i c i t y  o f  aqueous a lky ld iphenylphosphines was reduced t o  t h e  
l e v e l  o f  tr iphenylphosphine. However, no apparent c o r r e l a t i o n  could be observed be- 
tween t h e  ,inverse b a s i c i t y  values, MNP's, and t h e  NMR parameters. b s t  o f  t h e  
Ph2PCH2CH2R complexes shaved l i t t l e  change of t h e i r  chemical s h i f t  and coup l i ng  con- 
s t a n t  values. Also, a l l  t h e  Ph2PCH CH R l i gands  d i sp laced  Ph3P from i t s  complex. Thus 
t h e  observed b a s i c i t y  was n o t  a majo?r f a c t o r  i n  t h e  NMR data. 

In view o f  t h e  above study, t h e  d i f f e rence  between the  s t e r i c a l l y  non- 
h indered a l ky ld ia ry lphosph ine  and t r iphenylphosphine complexes i s  apparent ly  a t t r i b u t e d  
t o  minor d i f f e rences  i n  t h e i r  n-backbonding a b i l i t y  and s t e r i c  hindrance. 

S t e r i c  hindrance was found t o  have a major  e f f e c t  on the  s t r u c t u r e  o f  the 
complexes formed when a- and 6- branched a lky ld iphenylphosphine 1 igands were used. 
These e f f e c t s  were f i r s t  s tud ied by determing t h e  degree of Ph3P l i g a n d  displacement 
w i t h  such Ph2PR l i gands  as i n d i c a t e d  by t h e  f o l l o w i n g  s i m p l i f i e d  scheme 

As i t  i s  shown by .Figure 6, t he  1 3 C  NMR s 

(PhjP)jRh(CO)H + 6 Ph3PR (Ph2PR)3Rh(CO)H t 3Ph3P t 3Ph2PR 

In  t h e  case o f  t he  monomethyl branched l i gands ,  such as i sobu ty l - ,  secondary b u t y l -  and 
cyc lohexy l -  diphenylphosphines, p a r t i a l  displacement occurred. The r a t i o  o f  bound 
Ph2PR t o  Ph3P was about 3 t o  2. However, 8, 6- and a,a-dimethyl branched l i g a n d s  such 
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as neopentyl- and t -bu ty l -d ipheny l  phosphines were n o t  ab le  t o  d i sp lace  any of the 

Displacement o f  Ph P by the  above s t e r i c a l l y  hindered phosphine l i gands  could 
be enhanced under about 400 $pa H2 /m pressure. This pressure r e s u l t s  i n  the  format ion 
o f  major  amounts o f  the b i s - t r i pheny lphosph ine  rhodium d icarbonyl  hyd r ide  complex. The 
l a t t e r ,  i n  tu rn ,  was found t o  be more subject  t o  displacement by t h e  s t e r i c a l l y  de- 
manding phosphine l i gands :  

Ph3P. 

(Ph3P)ZRh(C0)2H + 6Ph2PR + Ph3P v ( P h 2 P R ) 2 4 h ( C 0 ) 2 H  + 4Ph2PR + 3Ph3P 

Thus, a t  e q u i l i b r i u m  the  mixtures con ta in ing  monosubsti tuted l i gands  showed t h e  d i s -  
placement o f  about 8m o f  the  Ph3P from t h e  d icarbonyl  complex. However, t h e r e  was 
s t i l l  no n o t i c a b l e  displacement by the  neopentyl and t - b u t y l  de r i va t i ves .  

The above i n h i b i t i t i o n  o f  l i g a n d  displacement i s  c l e a r l y  due t o  s t e r i c  
e f fec ts .  E l e c t r o n i c  e f f e c t s  would r e s u l t  i n  increased l i g a n d  displacement s ince these 
branched a l ky ld ipheny l  phosphine l i gands  have h igher  b a s i c i t i e s  than t h e i r  s t r a i g h t  
cha in  isomers. 

Another e f f e c t  o f  s t e r i c  crowding i s  on the  d i s s o c i a t i o n  r a t e  o f  t he  com- 
plexes formed. This i s  i l l u s t r a t e d  by the  example o f  t r iphenylphosphine p l u s  i s o b u t y l -  
diphenylphosphine rhodiun complex c a t a l y s t  system i n  F igure 7. The -30°C spectrum o f  
t h i s  system shows t h a t  both l i g a n d s  p a r t i c i p a t e  i n  t h e  complex format ion t o  form f o u r  
d i f f e r e n t  t r i s -phosph ine  complexes. However, no d i s t i n c t  phosphorus s igna ls  o f  these 
complexes can be observed a t  ambient temperature. Only a broad phosphorus s ignal  i s  
observed i n  t h e  complex region. T h i s  i n d i c a t e s  a h igh  l i g a n d  exchange r a t e  a t  a r e -  
l a t i v e l y  low temperature. This i s  c l e a r l y  t h e  consequence o f  increased phosphine d i s -  
s o c i a t i o n  due t o  s t e r i c  decompression: 

[Ph2PCH2CH(CH3)2]3Rh(CO)H - [Ph2PCH2CH(CH3)2?2Rh( CO)H + Ph2PCH2CH(CH3)2 

The increased d i s s o c i a t i o n  r a t e  t o  prov ide r e a c t i v e  c o o r d i n a t i v e l y  
unsaturated complex species r e s u l t s  i n  increased c a t a l y t i c  a c t i v i t y .  However, s t e r i c  
crowding a l so  r e s u l t s  i n  a reduced r a t i o  of monocarbonyl hydr ide versus d icarbonyl  
hyd r ide  complexes, i.e. reduced n / i  r a t i o  o f  products. 

2. Hydroformylat ion Process Studies 

The main aim o f  t h e  present  1-butene hydroformylat ion s tud ies  was t o  
determine the e f f e c t  o f  t he  s t r u c t u r e  o f  phosphine-rhodim complex c a t a l y s t s  on 
a c t i v i t y ,  s e l e c t i v i t y  and s t a b i l i t y .  The we l l  known Ph P complex c a t a l y s t  system which 
we s tud ied  p rev ious l y (6 )  was a c a t a l y s t  p r i m a r i l y  used ?or comparison i n  t h i s  work. As 
a Ph PCH2CH2R' t ype  a l ky ld ia ry lphosph ine  1 igand, 2 - t r i m e t h y l s i l y l  e thy ld iphenylphosphine 
(SEPf, was s tud ied i n  d e t a i l .  

I n  t h e  f o l l o w i n g  a t  f i r s t ,  t he  Ph3P and SEP based r h o d i m  complex 
hydroformylat ion c a t a l y s t  systems w i l l  be compared a t  d i f f e r e n t  temperatures and excess 
phosphine concentrat ions. Thereafter, t h e  d e t a i l e d  s t r u c t u r a l  e f f e c t s  o f  var ious Ph2PR 
l i gands  w i l l  be discussed w i t h  emphasis on s t e r i c  crowding. The c a t a l y t i c  r e s u l t s  w i l l  
be c o r r e l a t e d  w i t h  t h e  s t r u c t u r a l  f i n d i n g s  o f  t h e  NMR studies. 

The e f f e c t  o f  temperature on t h e  Ph3P and SEP complex c a t a l y s t  systems i s  
shown i n  Table 11. Most o f  t he  batch experiments were c a r r i e d  out  a t  a one mola l  
phosphine l i gand  concen t ra t i on  t o  ma in ta in  t h e  s e l e c t i v i t y  and s t a b i l i t y  o f  t h e  
c a t a l y s t  a t  increased temperatures. The r e s u l t s  show t h a t ,  a t  comparable temperatures, 
t he  t r i a ry lphosph ine  complex i s  always more a c t i v e  than t h e  a l ky ld ia ry lphosph ine  
complex. However, t h e  a c t i v i t y  and s e l e c t i v i t y  o f  t h e  l a t t e r  i s  b e t t e r  mainta ined 
p a r t i c u l a r l y  a t  h ighe r  temperatures. 

A t  the r e l a t i v e l y  low temperature o f  110', a lower n / i  aldehyde product  r a t i o  
i s  obta ined w i th  t h e  SEP complex. However, t h e r e  i s  no s i g n i f i c a n t  d i f f e rence  between 
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t h e  h igher  n / i  values of t h e  two systems a t  145". I n  t h e  135 t o  160' range, t h e  use of 
t he  SEP complex leads t o  a h igher  t o t a l  (n+ i )  aldehyde s e l e c t i v i t y .  This i s  main ly  due 
t o  the  reduced butene-1 t o  butene-2 i somer i za t i on  s i d e  reac t i ons  i n  t h e  presence o f  t h e  
more bas ic  SEP l igand.  The top  temperature o f  160' has genera l l y  l e s s  adverse e f f e c t  
on t h e  s e l e c t i v i t y  o f  t h e  SEP complex system. 

The e f f e c t  o f  i nc reas ing  concentrat ions o f  t he  SEP and Ph3P l i gands  a t  145' 
i s  shown i n  Table 111. This increase i n  bo th  systems r e s u l t e d  i n  a decreased a c t i v i t y  
but  increased n / i  aldehyde S e l e c t i v i t y .  A t  h igh  l i g a n d  concentrat ions,  t h e  n / i  values 
depended on the  phosphine concentrat ion ra the r  than on t h e  P/Rh ra t i o .  When these 
phosphines were used as t h e  on ly  solvents, t he  n / i  r a t i o s  reached maximum values bu t  
t h e  s e l e c t i v i t i e s  t o  t o t a l  aldehyde products  decreased. 

The SEP and Ph P r h o d i m  complex c a t a l y s t  systems were a l so  compared i n  
continuous 1-butene hydro?orrnylation, ope ra t i ng  v i a  product f l a s h - o f f  (PFO) from t h e  

Table IV.  
I n  the  f i r s t  t h r e e  experiments, t he  SEP system was operated a t  120' w h i l e  t h e  

Ph3P system was running a t  looo.  M s t  impor tan t l y  t he  r e s u l t s  i n d i c a t e  t h a t  t h e  
increased temperature o f  t he  SEP-Rh system i s  h i g h l y  advantageous f o r  ach iev ing  h ighe r  
butene conversions w i thou t  i nc reas ing  t h e  s t r i p p i n g  gas rate. A t  t he  lower  temperature 
o f  t h e  Ph3P-Rh system, a h ighe r  conversion opera t i on  was not  f e a s i b l e  under these con- ' d i t i o n s  because o f  t he  l i m i t e d  product f l a s h - o f f  c a p a b i l i t y  due t o  vapor l i q u i d  
e q u i l i b r i a .  It i s  noted t h a t  t h e  s e l e c t i v i t i e s  o f  t h e  two systems a re  s im i la r .  

In the  o the r  th ree  experiments, t h e  s t a b i l i t y  o f  t he  SEP and Ph P based 

conversion i n  the  case o f  t h e  Ph3P system dropped from 82 t o  65% d u r i n g  t h e  t e s t  
per iod.  About 1/2% per  day o f  t he  Ph3P l i g a n d  was converted t o  buty ld iphenylphosphine 
v i a  o r tho -meta la t i on ( l0 ) .  No s i m i l a r  degradation o f  t h e  SEP l i g a n d  was observed. In 
add i t i on ,  as shown by t h e  t a b l e ,  t h e  s e l e c t i v i t y  o f  t h e  SEP complex system was somewhat 
h ighe r  and d i d  no t  change s i g n i f i c a n t l y  when a m ix tu re  o f  1- and 2-butenes was used i n  
place o f  the pure 1-butene feed. (The 2-butene i s  apparen t l y  o f  very low r e a c t i v i t y  
under these cond i t i ons ) .  

I n  more d e t a i l e d  PFO process s tud ies  o f  t h e  SEP-Rh c a t a l y s t  system a t  120°, 
complete maintenance f o r  30 days o f  both hydroformylat ion a c t i v i t y  and s e l e c t i v i t y  was 
establ ished. I n  these s tud ies,  t he  n / i  r a t i o s  o f  the valeraldehyde products were 
c o r r e l a t e d  w i t h  the  excess phosphine l i g a n d  concentrat ion and CO p a r t i a l  pressure. As 

1 was expected on t h e  bas i s  o f  t he  NMR s tud ies  o f  c a t a l y s t  s t ruc tu res ,  t h e  n / i  r a t i o  was 
d i r e c t l y  dependent on t h e  [SEP] and i n v e r s e l y  dependent on t h e  pC0. 

The c a t a l y t i c  p r o p e r t i e s  o f  a h igh  number o f  a lky ld iphenylphosphine r h o d i m  
complexes were s tud ied i n  batch experiments. Comparative r e s u l t s  obta ined w i t h  
complexes o f  l i gands  o f  t h e  formula Ph PCH CH R '  and Ph P a r e  shown by Table V. 

The r e s u l t s  show t h a t ,  Zt $he2 1M p h o 4 h i n e  concentrat ions,  a l l  t he  
Ph2PCH2CH2R' complexes a re  h i g h l y  s e l e c t i v e  c a t a l y s t s  f o r  hydroformyl a t i o n  a t  145'. 
They prov ide aldehyde products having n / i  r a t i o s  i n  t h e  8.9-18.9 range. I n  general,  
t h e i r  product l i n e a r i t y  i s  s i m i l a r  t o  t h a t  o f  t h e  Ph3P system (n / i  = 11.2). The t o t a l  
aldehyde s e l e c t i v i t y  o f  t h e  Ph PR complex c a t a l y s t  i s  higher. Thei r  n + i aldehyde 
s e l e c t i v i t y  i s  i n  t h e  86.9 t o  61.8% range w h i l e  t h e  corresponding n t i value o f  the 

' Ph P system i s  81.2. However, as expected on t h e  b a s i s  o f  t he  NMR l i g a n d  d i s s o c i a t i o n  
ra?es, t h e  Ph3P system i s  more than t w i c e  as act ive.  

The a c t i v i t y  and s e l e c t i v i t y  of a l l  these c a t a l y s t s  i s  h i g h l y  dependent on 
t h e  excess phosphine l i g a n d  concentrat ion. When t h e  phosphine l i g a n d  concen t ra t i on  was 
dropped t o  0.14 M, t h e  r e a c t i o n  r a t e  u s u a l l y  increased about f o u r f o l d  and t h e  n / i  r a t i o  
o f  t he  aldehyde products decreased t o  about a h a l f  of t h e  prev ious value. O f  course, 
these e f f e c t s  are expected on t h e  bas is  of t h e  c a t a l y t i c  mechanisms suggested by t h e  
NMR studies. 

No d e f i n i t e  c o r r e l a t i o n  could be found between t h e  b a s i c i t y  o f  t he  
Ph2PtH2CH2R' 1 igands and t h e  c a t a l y t i c  p r o p e r t i e s  of t h e i r  rhodium complexes. Overal l  

\ 

1 reac t i on  mixture (F igure 1). The r e a c t i o n  cond i t i ons  and data obta ined a re  shown by 

\ 

/ r h o d i m  c a t a l y s t  systems was compared i n  a s i x  day continuous PFO opera t i on  a$ 145OC. , The hutene conversion achieved w i t h  the  SEP system showed l e s s  than 10% change. The 

, 

, 
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the d i f ferences among these complexes were smal ler  t han  the  d i f f e r e n c e  between them as 
a group and t h e  Ph3P complex. The Ph3P l i g a n d  stands o u t  by v i r t u e  o f  i t s  increased 3- 

backbonding a b i l i t y  which weakens t h e  CO coordinat,ion t o  the  rhodiun. A lso ,  Ph3P i s  a 
s t e r i c a l l y  more demanding l i g a n d  than Ph PCH2CH2R Roth p r o p e r t i e s  increase 
the r e a c t i v i t y  o f  t h e  Ph3P-Rh complex cata5yst  system. 

The ef fect  on c a t a l y s i s  o f  t he  s t e r i c  crowding o f  a l ky ld ipheny l  phosphine 
l i gands  by methyl s u b s t i t u t i o n  on t h e  a- o r  6-carbon atoms o f  t h e i r  a l k y l  group was 
also s tud ied.  The comparative experiments were c a r r i e d  out  us ing  two d i f f e r e n t  l i gand  
concentrat ions a t  145'. The r e s u l t s  a r e  shown by Table V I .  

Compared t o  s t r a i g h t  chain and y-methyl s u b s t i t u t e d  alkyldiphenylphosphines, 
t h e  a- and &methyl s u b s t i t u t e d  d e r i v a t i v e s  l e d  t o  increased hydroformyl a t i o n  r a t e s  but 
reduced s e l e c t i v i t i e s .  The r a t e  i nc reas ing  e f f e c t  was observed a t  t h e  h ighe r  phosphine 
l i gand  concen t ra t i on  o f  1M. The s e l e c t i v i t i e s  were decreased i n  terms o f  l one r  n / i  
r a t i o s  o f  aldehyde products and increased i somer i za t i on  s ide-react ions t o  2-butenes. 
The i somer i za t i on  was p a r t i c u l a r l y  increased a t  t he  low l i g a n d  concentrat ion o f  0.14 
M. A t  an extreme, t h i s  r e s u l t e d  i n  a reduced r e a c t i o n  r a t e  s ince  2-butenes are much 
l e s s  r e a c t i v e  than  1-butene. The e f f e c t  o f  s t e r i c  crowding was f u r t h e r  increased when 
t h e  a, a- and 8, 8-dimethyl s u b s t i t u t e d  a lky ld iphenylphosphines were used i n  p lace o f  
t h e  monomethyl s u b s t i t u t e d  l igands.  

The increased r e a c t i v i t y  o f  branched a l ky ld ipheny l  phosphine rhodiwn complexes 
i s  a t t r i b u t e d  t o  the  accelerated d i s s o c i a t i o n  v ia  s t e r i c  decompression o f  t r i s -  
phosphine rhodiwn carbonyl hyd r ide  complexes t o  p rov ide  r e a c t i v e  species. The reduced 
n / i  r a t i o  o f  t he  products i s  due t o  the  increase o f  rhodium d icarbonyl  hyd r ide  c a t a l y s t  
complexes. The increased i somer i za t i on  t o  2-butenes i s  apparent ly  a consequence o f  t he  
r e v e r s i b i l i t y  o f  reac t i ons  forming t h e  secondary b u t y l  rhodium complex in termediate.  

l igands.  

CON UUS IONS 

The present c o r r e l a t i o n  o f  t h e  s t r u c t u r e  o f  t-phosphine rhod iun  carbonyl 
hyd r ide  complexes w i t h  h igh  temperature hydroformylat ion c a t a l y s i s  data leads t o  the  
extension o f  our p rev ious l y  proposed rhodium hydroformylat ion mechanisms t o  
a lky ld iphenylphosphine l i g a n d  based ca ta l ys ts .  I n  view o f  t h e i r  increased s t a b i l i t y ,  
a1 kyldiphenylphosphines are now recognized as rhod i  urn complex c a t a l y s t  1 igands poten- 
t i a l l y  super ior  t o  the  commercial ly w ide l y  used tr iphenylphosphine. 

A l ky ld ipheny l  phosphines fo rm remarkably s t a b l e  t r i s -phosph ine  rhodium 
carbonyl hyd r ide  complexes of t he  formula (Ph2PCH CH2R')3Rh(CO)H. These a c t  as a 
p re fe r red  r e v e r s i b l e  r e s e r v o i r  f o r  t h e  genera$ion o f  t h e  h i g h l y  r e a c t i v e ,  
c o o r d i n a t i v e l y  unsaturated trans-bis-phosphine carbonyl hyd r ide  i n te rmed ia tes  o f  l - n -  
o l e f i n  hydroformylat ion t o  prov ide most ly  n-aldehyde products. I n  accord w i t h  t h e  
complex e q u i l i b r i a  found among v a r i o u s l y  carbonyl a ted rhodiun complex c a t a l y s t  
precursors, t h e  s t a b i l i t y  and s e l e c t i v i t y  o f  such c a t a l y s t  systems d i r e c t l y  depends on 
t h e  excess phosphine l i g a n d  concentrat ion. It i s  i n v e r s e l y  r e l a t e d  t o  t h e  p a r t i a l  
pressure of t he  CO reactant .  manges i n  t h e  R '  group o f  such l i gands  d i d  no t  r e s u l t  i n  
any profound change o f  t h e  c a t a l y t i c  p r o p e r t i e s  o f  t h e i r  rhodiun complexes although 
they  caused wide v a r i a t i o n s  i n  t h e i r  p ro ton  b a s i c i t i e s .  

In con t ras t  branched a l k y l  diphenyl phosphines having 8- o r  a- a l k y l  
subs t i t uen ts  e.g. 

Ph2PCH2CH( CH3)2 Ph2PCH(CH3)CH2CH3 Ph2PCH2C( CH3)3 Ph2PC( CH3)3 

form r h o d i m  carbonyl hydr ide complexes o f  w ide l y  d i f f e r i n g  s t a b i l i t i e s .  These 
complexes i n  t u r n  e x h i b i t  a broad range o f  c a t a l y s t  behavior. Tris-phosphine r h o d i m  
carbonyl hydr ide complexes o f  these l i gands  are the rma l l y  unstable due t o  s t e r i c  
crowding. This f a c i l i t a t e s  t h e  generat ion o f  r e a c t i v e  species. Under CO pressure, 
complexes o f  these l i gands  a re  l a r g e l y  converted t o  bis-phosphine rhodium d i ca rbony l  
hyd r i de, (P h2PR ) 2R h ( CO ) 2H, i n t e rmed i a t  es o f  n on se l  e c t  i ve hyd r o f  o rmy 1 a t  i on. 
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Thus profound e l e c t r o n i c  d i f f e r e n c e s  between s t e r i c a l l y  noncrowded 
alkyldiphenylphosphine and t r iphenylphosphine r h o d i m  carbonyl hydr ide complexes 
resu l ted  i n  two types of c a t a l y s t  systems having d i s t i n c t  proper t ies.  In con t ras t ,  
small changes i n  the  e l e c t r o n i c  character  o f  a lky ld iphenylphosphine complexes d i d  n o t  
cause s i g n i f i c a n t  changes i n  ca ta l ys i s .  However, small changes i n  t h e  s t e r i c  
requirements o f  a- and 8- branched a l ky ld ia ry lphosph ines  produced tremendous changes i n  
the  c a t a l y t i c  behavior o f  t h e i r  r h o d i m  complexes. Moderate s t e r i c  crowding of  such 
complexes may r e s u l t  i n  h i g h l y  des i red c a t a l y s t  p roper t i es .  However, such s t e r i c  
e f fec ts  on c a t a l y s i s  a r e  d i f f i c u l t  t o  p red ic t .  
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Figure 1 

SCHEME OF CONTINUOUS HYDROFORMYLATION UNIT WITH 
CONTINUOUS PRODUCT FLASH-OFF 
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Figure 2 

CATALYTIC INTERMEDIATES IN PHOSPHINE RHODIUM 
COMPLEX CATALYZED HYDROFORMYLATION OF 1-BUTENE 
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Flgure4 

EFFECT OF TEMPERATURE ON "CO NMR SPECTRUM. PlRh = 9 
CO + (Ph,PbRhHt;[(Ph,~RyCO)Hlt(P4PbRYCO)H + Ph,P 
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EFFECT OF TEMPERATURE ON W O  NHR SPECTRUM: PlRh = 9 
CO + (Ph,p),RyCO)Hr~(Ph,P),),Rh(CObH~~PlhPRh(CObH + Ph,P 
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F lgun 7 

EFFECT OF MODERATE STERIC HINDRANCE 
ON LIGAND DISPLACEMENT AND EXCHANQE 
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Table I 

A HNP'S  o f  Ph PCH CH R LIGANDS AND 31P NMR PARAMETERSa) 
OF THdR (6h26CH2CH2R' )3Rh( CO)H COMPLEXES 

Phosphine 
Phosphine Ligand Complex 

Inverse Chem. Chem. Coupling 
S t ruc tu re  B a s i c i t y Y b )  S h i f t  S h i f t  Constant 

M NP P Pm a,pm Jp-Rh,cps 

Ph2PCH2CH2Si( CH )3  385 -12.2 34.6 150 
Ph2PCH2CH2C( CH 7 41 2 -16.8 27.5 152 
p h 2 p CH 2 CH2 CH2 d 2& CH i:: -16.8 27.5 151 
P h 2P CH2CH2P h -16.6 27.6 153 

P h2P CH2 CH2 - NJ 450 -23.0 21.6 151 

0 

Ph2P CH2CH2 CO2 CH3 455 -17.7 27.9 151 
P h2 P CH2 CH2 SO2 CH3 543 -18.6 27.3 151 

a) 
b,  

A t  35' i n  to luene  so lvent ,  r e l a t i v e  t o  1M phosphor ic acid.  
B a s i c i t y  de terminat ions  were c a r r i e d  o u t  accord ing  t o  t h e  
mod i f ied  method o f  S t r e u l i ( 1 7 )  us ing  p e r c h l o r i c  a c i d  as a 
t i t r a n t  and pure ni t romethane as a solvent.  
za t i on  p o t e n t i a l s  (HNP's) were determined r e l a t i v e  t o  t h e  
va lue  o f  d iphenyl  guanidine. 

H a l f  n e u t r a l i -  
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Table I V  

CONT INUOUS HYDROFORMY LAT ION OF ‘I -BUTENE I N  THE PRODUCT FLASH-OFF MODE 
WITH SEP-Rh AND PhgP-Rh COMPLEX CATALYST SYSTEMS 

TP P - SEP - SEP - SEP - S EP - 
e Temperature, “ C  100 120 120 140 140 

Pressure, kPa 800 1050 1050 1275 1275 
565 675 760 724 775 ;“,a: 69 90 83 138 149 

0 Rhodium Conc. , mW 2.50 2.50 4.44 4.44 4.44 

0 Phosphine Conc., mM 310 600 360 1000 1000 
1-Butene Feed, mo le /h r /L  4.0 4.0 4.0 2.8* 2.8 
Aldehyde Product, mo le /h r /L  1.0 1.0 1.5 1.6 1.6 

0 Cnnversion pe r  Pass, X 26 26 38 56 60 
52** 55** 

Q n t i  S e l e c t i v i t y  X 92 92 91 90 90 
n / i  r a t i o  21 22 21 35 32 
Hydrocarbon Sel e c t  i v i  t y  ,% 7 7 7 8 9 

0 S t r i p p i n g  Gas, mo le /h r /L  35 25 38 24 24 

*Plus 3 mole/hr/L 2-butenes * *Af te r  6 days opera t i on  

TP P - 
140 

1275 
724 
138 

4.44 

1000 
2.8 
2.3 

a2 
65** 

84 
29 
14 

21 
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THE PREDICTION OF THE QUALITY OF COKE BY THE USE OF V ~ - G  DIAGRAMS 

\ 

\ 

I' 

Peng Chen 

Department of Fuels Engineering, University of Utah, S a l t  Lake Ci ty ,  UT 84112 

Permanent address: Central Coal Mine Research I n s t i t u t e ,  Hepingli , Beijing, 
People 's  Republic of China 

All p roper t ies  of coal a r e  more or l e s s  r e l a t ed  t o  the c o a l i f i c a t i o n  meta- 
morphism. However, caking proper t ies  ( p l a s t i c i t y )  a l so  a f f e c t  the coke s t rength .  
Upon heating, coal undergoes chemical changes, giving r i s e  t o  the evolution of gas 
and condensible vapors and leaving behind a s o l i d  residue cons i s t ing  almost e n t i r e l y  
Of carbon. 
coking coal sof tens ,  becomes p l a s t i c ,  and coalesces i n t o  a coherent mass which 
swells and then forms a so l id  porous s t ruc tu re .  In t h i s  s e r i e s  of transformation, 
two important temperature zones can be d is t inguished .  
the  coal i s  p l a s t i c  and the  second i s  t h a t  a t  higher temperature in which the  
r e so l id i f i ed  material cont rac ts .  A strong cont rac t ion  and r e s o l i d i f i c a t i o n ,  which 
is  l i k e l y  t o  occur w i t h  coa ls  of high v o l a t i l i t y  and p l a s t i c i t y ,  produces many 
f i s su res  in the  coke, leading t o  lower mechanical s t rength .  Coke s t r eng th  i s ,  
therefore ,  c lose ly  associated with agglomeration of p a r t i c l e s ,  pore s i ze  and i t s  
d i s t r ibu t ion ,  s t rength  of c e l l  wall and development of f i s s u r e s .  I t  i s  assumed 
t h a t  the  coke s t rength  may be expressed s t a t i s t i c a l l y  as a function of these  two 
parameters. 

a r e  a s  follows: 

maximum per??&& r e f l B % c e  of v i t r i n i t e .  %ax i s  the  maximum percent f l u i d i t y  
measured by the Gieseler plastometer. 

Vr--b diagrams, pu t  forward by Simonis.(2) 
weight v o l a t i l e  matter on a dry,  ash-free bas i s ,  and b i s  t he  t o t a l  d i l a t a t i o n  of 
the coa l ,  measured by the  Audibert-Arnu d i la tometer .  

f i na l  drop of the expansion-pressure curve which i s  function o f  V .  
thickness of the p l a s t i c  layer  of t h e  Sapozhnikov test ,  which r e f l e c t s  the  quant i ty  
of the p l a s t i c  mass. 

abbreviations of Strength Index and Composition Balance Index. 
obtained from petrographic ana lys i s .  

Vr--G diagrams has been p u t  forward by the  Central Coal Mine Research 
Ins t i t vQy(5 ) .  G i s  the caking index of coa l ,  which i s  the modification of Roga 
Index. 

Exper i men t a  1 

f i e l d s  of China. Among these ,  177 samples of 2 tons each were taken from bitumin- 
ous coal mines and seams represent ing  d i f f e r e n t  ages of coal formation and periods 
of metamorphism. Examinations were made according t o  t h e  requirements f o r  coking 
t e s t s  on a semi-industrial  sca le  using a washer, a 200kg coke oven, d i f f e ren t  s i z e s  
of automatic screens,  a micum drum, e t c .  The raw coal was cleaned by a j i g  washer, 

I n  the temperature range 350-500" C ,  depending on the rank of the  coa l ,  

The f i r s t  i s  t h a t  in which 

Many methods t o  pred ic t  the  s t rength  of coke have been proposed. 

(1)  --Log diagrams p u t  forward by Miyazu.(') Here, Fm i s  the  mean 

These methods 

( 2 )  Here, Vr  i s  the  percent by 

( 3 )  X--Y diagrams have been used in the Soviet  Union.(3) Here, X i s  the  
Y i s  the  

( 4 )  S.1.--C.B.I. diagrams were used by S h a p i r ~ ( ~ ) .  S . I .  and C.B.I. a r e  the  
These values a re  

( 5 )  

More than 400 samples of bituminous coa ls  were se lec ted  from the main coal 
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85% of the  coal charged i n t o  the  coke oven was l e s s  than 3mm in s i z e  and had a 
moisture content of 1092 The tes t  coke-oven was constructed of aluminum and 
magnesium blocks. The coke 
s t rength  was determined by the ISO/R 556-1967(E) t e s t .  
s t rength  of coke; the M10 index, abrasive s t r eng th  of coke; the F10 index, 
the  y i e l d  of coke powder of l e s s  than 10mm, and the 460 index,block coke of 
l a rge r  than 60mm a f t e r  t he  drop-shatter t e s t ,  were determined. 

of caking and coking proper t ies  were determined. Most of the t e s t  methods 
adopted a re  s imi la r  i n  p r inc ip l e  t o  the  corresponding methods spec i f ied  in the 
In te rna t iona l  Standards issued by ISO. 

The carbonizing chamber has a width of 450mm. 
The M40 index, crushing 

The proximate ana lys i s ,  u l t imate  ana lys i s ,  petrographic ana lys i s  and t e s t s  

Results 

S t a t i s t i c a l  ana lys i s  on the coa l i f i ca t ion  metamorphism-- Vola t i le  matter 
and mean maximum re f l ec t ance  of coal have been 
t o  describe the c o a l i f i c a t i o n  metamorphism.( 7,8$ There i s  a good co r re l a t ion  
between these  two indices  a s  shown in Table 1 .  
i s  made on whole coal and r e f l ec t ance  so le ly  on v i t r i n i t e ,  which i s  generally 
about 50-80% in coking coa l ,  t he re  i s  s t i l l  a good co r re l a t ion .  Ultimate ana lys i s ,  
such as carbon content ,  hydrogen content ,  and atomic H/C and O / C  r a t i o s  have also 
been used (Table 2 ) .  

o s t  commonly used as  parameters 

Although the  v o l a t i l e  matter index 

Table 1 .  Corre la t ion  Between V r  and max 

Correlation 
Source Regression Equation Coeff ic ien t  

- 
U.S.A. R" max =2.476 - 0.0402xVr -0.944 

Canada & Aust ra l ia  Sibmax =2.519 - 0.0465xV' -0.884 

China max =2.12 - 0.0357xVr -0.917 

Table 2. Corre la t ion  between Cr  , H r  , Or and V r  
(Samples 390) 

Regression Equation Corre la t ion  Coeff ic ien t  

V r  = 247.76-2.52xCr -0.86 
V r  = 1 5 . 2 8 ~ H ~ 4 9 . 5 7  0.90 
vr = 10.7+2.64xor 0.79 

1 0 8 . 2 M .  1 5xHr 
94.32-1.11 xOr 

-0.72 
-0.98 

S t a t i s t i c a l  ana lys i s  of the  caking properties--Although caking proper t ies  
of coal a r e  not always proportional t o  the  coking power, they plan an e s sen t i a l  
ro l e  during carbonization i n  determining the  s t rength  of the coke.'(9) Each 
t e s t  index has i t s  own fea tu res .  Most o f  them, such a s  Roga index ( R I ) ,  Caking 
index (G), Gray-King index ( G K ) ,  Crucible Swelling index Number (CSN) ,  e t c . ,  
r e f l e c t  the overa l l  r e s u l t  of the  process which converts coal from the s o l i d  
s t a t e  in to  the p l a s t i c  s t a t e  and t h e n  r e s o l i d i f i e s  i t  i n t o  a s o l i d  coherent body 
with a porous s t ruc tu re .  
p l a s t i c  s t a t e  while o thers  r e f l e c t  the f l u i d i t y  o f  the  p l a s t i c  mass. The 

Some o f  them r e f l e c t  the temperature range of the  
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cor re l a t ion  of these ind ices ,  therefore ,  is sometimes good and sometimes poor. 
The cor re la t ion  coe f f i c i en t s  between indices  of cohesiveness of coal a r e  summarized 
i n  Table 3. 

Table 3. Correlation Coeff ic ien ts  between Indices of Cohesiveness of Coal 

G R . I .  C.S.N. G.K. Y b Log CY max 

G 1.00 0.98 0.78 0.94 0.83 0.73 0.86 
R.I. 0.98 1.00 0.77 0.91 0.80 0.69 0.87 
C.S.N. 0.78 0.77 1 .oo 0.80 0.63 0.58 0.37 
G.K. 0.94 0.91 0.80 1.00 0.86 0.83 0.88 
Y 0.83 0.80 0.63 0.86 1.00 0.92 0.66 
b 0.73 0.70 0.58 0.83 0.92 1.00 0.76 
Log aaax 0.86 0.87 0.37 0.88 0.66 0.76 1 .oo 

Relationshi between com onents and rope r t i e s  of coal and coke strength-- 
Among the  177 sa ip l e s  used in’the coke-ovEn t e s t s ,  29 samples could n o t  go through 
the  tumbler t e s t .  
there  remained 134 coal samples. Organic components, c o a l i f i c a t i o n  metamorphism 
and caking proper t ies  a re  in te rna l  va r i ab le s  c h a r a c t e r i s t i c  of the  coal used. 
addi t ion ,  the  coke produced a l s o  depends on external va r i ab le s  such as the  p a r t i c l e  
s i z e  of coa l ,  t he  bulk dens i ty  of the charge, the heating r a t e ,  the coking tempera- 
t u re ,  the coking time and the s t ruc tu re  of the coke oven. In the present study, 
these external var iab les  a re  constant.  I t  was, therefore ,  poss ib le  t o  use a few 
parameters r e fe r r ing  t o  the  in te rna l  var iab le  of coal coking to  r e f l e c t  t he  
r e l a t ion  between the  property of coal and coke s t rength .  

out f o r  134 coal samples. The r e s u l t s  a r e  l i s t e d  in  Table 4. The F-test demon- 
s t r a t ed  the following: 

b e t t e r  than the  1 inear  equation, and 

w i t h  the second order equation. 

After deducting the samples of charges containing >15% ash, 

I n  

Trend sur face  ana lys i s  can be used t o  solve t h i s  problem. I t  has been ca r r i ed  

(1)  The second order equation, square trend-surface equat ion ,  i s  d i s t i n c t l y  

( 2 )  The cubic equation does not  have a s i g n i f i c a n t  d i f fe rence  a s  compared 

Table 4. Goodness of F i t  f o r  Vr--G on Coke Qua l i t i e s  
- 

F i t t i n g  Indices o f  Coke Q u a l i t i e s  
Trend Equation M40 M10 Q60 440 F10 

Liner 0.53 0.68 0.36 0.62 0.56 
Square 
Cubic 

0.69 
0.70 

0.82 
0.82 

0.50 
0.53 

0.80 
0.85 

0.77 
0.77 

Therefore, t he  second order equation i s  used t o  ind ica t e  the t rend  sur face .  
From Figures 1 and 2, the following information may be obtained: 

( A )  When a coal has a v o l a t i l e  matter (daf )  of l e s s  than 30%, the  coke 
s t rength  i s  mainly cont ro l led  by the cohesiveness. 

(B )  When a coal has a v o l a t i l e  matter (daf )  of more than 30%, the coke 
s t r eng th  i s  cont ro l led  by both the  cohesiveness and the  degree of metamorphism 
of coa l .  
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I 

(C) 

( D )  

As t he  v o l a t i l e  mat te r  (da f )  increase ,  the  s t rength  i s  more a f fec ted  
by the degree of metamorphism of coal.  

The e f f e c t  of the  degree of coal metamorphism i s  grea te r  on the M40 
index than on the M10 index. 
on M40. 

mainly a f f ec t ed  by the degree of coal metamorphism. 
o f  1 ump coke decreases.  

a f fec ted  by the cohesiveness of the  coa l .  
a f fec ted  by the cohesiveness of coal.  

If  o the r  ind ices  r e f l e c t i n g  the  degree of coal metamorphism and the 
cohesiveness were used, s imi l a r  r e l a t ions  would be obtained (Table 5) .  The combina- 
t i ons  of Vr and o the r  ind ices  r e f l e c t i n g  cohesiveness usually did not show any 
d i f fe rence  in goodness of f i t  f o r  t he  M40 index. As f o r  the M10 index, the combina- 
t ion  o f  Vr--G i s  d i s t i n c t l y  b e t t e r  than Vr--Y or  Vr--Log max ,  or C.S.N. 
i t  i s  ev ident  t h a t  

The e f f e c t  of the cohesiveness i s  l a rge r  on MI0 than 

I t  may be seen from Figures 3 and 4 ,  t h a t  the  percentage of lump coke is 
As V r  increases ,  the percentage 

I t  may be seen from Figure 5 t h a t  the percentage of coke breeze is  mainly 
The higher the  V r ,  the  more i t  i s  

T h u s ,  

( 1 )  

(2 )  

Caking index G,  which we have improved, i s  b e t t e r  than o ther  indices 

Index V i s  b e t t e r  t h a n  Fm x. The former i s  based on whole coal and 

r e f l ec t ing  cohesiveness o f  coal.  

the l a t t e r  i s  based on v i t r i n i t e  i n  eoal only. 

Table 5. Comparison of Goodness of F i t  when F i t t i n g  with 
Dif fe ren t  Indices 

Coke Strength 
Combination of -M40T- M l U  

Differen t  Indices Square Cubic Square Cubic 

v r  v i s .  G 0.69 0.70 
vr v i s .  R. I .  0.69 0.70 
V r  v i s .  Log a,,,ax 0.67 0.69 V T  v i s .  Y 0.66 0.69 
V" vis. C.S.N. 0.68 0.72 
- V r  v i s .  b 0.63 0.67 
Romax-Log O"max 0.59 0.60 
Rbmax-(Cd)2/3* 0.57 0.62 

0.82 0.82 
0.78 0.81 
0.66 0.72 
0.55 0.70 
0.56 0.59 
0.44 0.62 
0.66 0.70 
0.33 0.39 

/ ,  

I 

I 

_ _ _ ~  

* (Id)2,3, vol.  % of 2/3 semi-v i t ran i te  i n  coal p lus  f u s i n i t e  and semi- 
f u s i n i t e ,  then p l u s  mineral impur i t ies  i n  coal.  [ 

Taking advantage of these r e s u l t s ,  we can es t imate  the s t rength  of coke 
using the  diagram o f  Vr--G. 
obtained from a semi-industrial  s ca l e  oven and are d i f f e r e n t  from the  r e s u l t s  
i n  a conventional coke oven. I n  genera l ,  the coke s t r eng th  i s  s l i g h t l y  lower 
f o r  t he  smaller oven, bu t  i t  i s  not important in se l ec t ing  the  blending r a t i o s  
of coa ls .  

optimum area ,  we can add some coa ls  t o  t h e  blending coals t o  move the pos i t ion  

We must po in t  ou t  t h a t  these  results have been 

If the value of blending coa ls  in t h e  Vr--G diagram does not  f a l l  i n  the  

I 
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i n  the Vr--G diagram i n t o  optimum area.  
ment t o  enhance the a b i l i t y  t o  make be t t e r  coke o r  t o  improve the  economics of 
manufacturing coke. 
We can, fo r  example, use preheating t o  improve the  caking a b i l i t y  of these 
blending coa ls ,  which a r e  low i n  caking a b i l i t y  and have a pos i t ion  i p  the  Vr--G 
diagram low on the  optimum area .  The optimum area f o r  blending has V values from 
28% t o  32% and G values from 60 t o  75. 
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In addi t ion ,  we may use fu r the r  t r e a t -  

The methods of fu r the r  treatment a re  shown in Figure 6. 

The author g ra t e fu l ly  
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FIGURES: 

1. 

2. 

3. 

4.  

5. 

Forecasting the  M40 with the square trend sur face .  

Forecasting the  M10 with the  square trend sur face .  

Forecasting the 960 w i t h  the square trend sur face .  

Forecasting the Q40 with the square trend surface.  

Forecasting the F10 with the square trend surface.  

\ 

6.  Some methods of fu r the r  treatment t o  improve the coke s t rength  using Vr-G 
diagram. 
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